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FOREWORD 


Thirty years ago when I first became interested in the nutrition 
of the fungi, poor growth or lack of growth in a particular medium 
was generally ascribed to some unsuitability of the mineral nu- 
trients, to the presence of some toxic agent, to excess acidity or 
alkalinity, to the absence of a particular carbohydrate, to the need 
for some special source of organic nitrogen, to the water relations 
or to some more esoteric cause. Mycologists recognized that many 
fungi required special media containing some material of natural 
origin ; and oatmeal, corn meal, potatoes, bean pods, malt extract, 
peptone, wood, dung and many other natural products were fre- 
quently incorporated in the culture medium or used as such. Gen- 
erally speaking, an effort was made to supply the material on 
which the organism grew in nature. We know now that the 
growth of many fungi is conditioned by the presence in the medium 
of minute traces of specific organic compounds some of them 
identical with the known vitamins and the presence of these 
growth substances in products of natural origin largely accounts 
for their advantages as culture media. This was a possibility 
seriously considered by few if any of those concerned with the 
cultivation of fungi thirty' years ago and our knowledge of the 
phenomena involved has come largely from the basic experiments 
and discoveries made by Professor Schopfbr. 

WiLDiERS in 1901 had briefly presented evidence on the im- 
portance for the growth of yeast of minute amounts of bios, a 
concentrate of unknown chemical composition; but his suggestion 
was roughly handled by many of his contemporaries, and in 1912 
physiologists interested in these problems were still mainly con- 
cerned in juggling the minerals, the distilled water, the carbon 
and the nitrogen sources in attempts to determine a medium of 
known composition suitable for the more discriminating organisms. 
In that year Casimir Funk drew together his own observations 
and experiments and those of others and proposed that traces of 
definite and specific organic substances in addition to minerals, 
sugars, fats and proteins were essential constituents of the food 
of animals. He named these substances vitamin (e)s, a term which 
immediately caught the public fancy. Funk believed that vitamins 
were important for plants as well as for animals and during the 
next twenty years while the animal physiologist proceeded to 
demonstrate the importance of vitamins for the growth and well- 
being of animals, and to explore their multiplicity, functions, 
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sources and chemistry, evidences vrere offered from time to time 
by various investig-ators that these substances were important for 
plants also. Bottomley's auximones attracted attention for a 
period; Bachman (1919) and Williams (1919) published on the 
vitamin requirements of yeast, a subject which was discussed 
pro and con by numerous investigators for some years. LiNNOSlER 
(1919) contributed an aiticle on vitamins and the fungi; Willa- 
man in 1920 reported on the function of vitamins in the metabol- 
ism of Sclerotinia cineria; Lepeschkin in 1924 offered evidence 
for the importance of vitamins for some yeasts and filamentous 
fungi; McCormick in 1925 made some intriguing observations in 
the same general direction on Thielavia hasicola; Lash MillbR 
and associates pursued the bios problem. But the evidence offered 
to prove the importance of vitamins for plants was received by 
the majority of scientists with scepticism. The substances used 
as supplements by most of these investigators were not pure 
chemical compounds and it was possible to conceive of some ex- 
planation for the results other than one based on a need for 
vitamins; or, as was true of the influence of m-inositol, the sub- 
stances used were not recognized as vitamins. It was generally 
agreed that plants synthesized vitamins and animals used them, 
but those who considered vitamins to be of importance to a plant 
were few indeed. In fact up to eight years ago not a single com- 
pletely convincing example of the importance of a vitamin for a 
plant could be cited. 

In 1934 Professor Schopfer published his results on the neces- 
sity of an external supply of thiamine for the growth of Phy- 
coTnyces. His experiments grew out of his curiosity about a phe- 
nomenon which on the surface appeared to be of little importance ; 
he was interested in determining why Phycomyces grew on media 
prepared with some samples of maltose and not on those prepared 
with other samples. As so frequently happens in science the 
answer to this problem which might seem to be trivial, proved 
to be of fundamental significance. He found the presence of 
thiamine as a contaminant in the “good'’ samples of maltose 
and its absence in the “poor” ones to be the answer. His demon- 
stration of the effect of crystalline thiamine on Phycomyces was 
so clear and so convincing that it opened what may well be con- 
sidered a new era in our conceptions of plant nutrition. 

The test of the importance and validity of any contribution to 
science is to be judged chiefly by what grows out of it, by its 
influence. The significance of Professor Schopfer’s discovery 
may be judged by the contents of this book because a large part 
of the material discussed in it is based on his own contributions, 
on those initiated by others because of his discoveries or on those 
influenced by his findings. 

This is not the place to discuss further the history of the de- 
velopment of our knowledge of the relation of vitamins and similar 
substances to the growth of plants, nor to evaluate the contri- 
butions made by many notable investigators to this and related 
fields. 
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Foreword 


Astonishing progress in clarifying many puzzling problems 
has been made since 1934 and the importance of the results extends 
far beyond their application to the particular organisms concerned. 
The use of Phycomyces for bio-assay is a minor example of this 
extension. Nevertheless, the exploration of the importance of 
vitamins for plant development has merely begun, and we may 
anticipate with confidence future discoveries of great significance. 
This book in which the present status of the field is so ably sum- 
marized will lead to further contributions. 

Professor Schopfer (*1900 in Yverdon, Switzerland) was edu- 
cated at the University of Geneva under the stimulating super- 
vision of R. F, Chodat. He was a student with KisriEP at Berlin 
under a fellowship of the Rockefeller Foundation, at the Pasteur 
Institute in Paris, and elsewhere, and has been Professor of Botany 
and Director of the Botanical Institute and Garden of the Uni- 
versity of Bern since 1933. 


Spring, 1943 


William J. Robbins 

Direotor 

The Nexo York Botctnical Garde-n^ 



PREFACE 


This concise volume has the ambitious goal of presenting the 
present status of the problem of vitamins as related to plants. 
Only about twelve years ago a botanist interested in these prob- 
lems was considered unique. Despite the fundamental research 
on vitamins since the beginning of the present century the prob- 
lem has not yet reached maturity. 

During the past few years extraordinary progress in the study 
of vitamins has taken place, in fact, it has completely changed 
the status of the problem. The enormous number of publications 
justifies this critical review. It does not by any means represent 
finality, but rather a stage of progress in research which continues 
to advance. Its purpose is to crystallize our knowledge in this 
domain, to show the relations of this subject to very diverse sci- 
ences, and above all, to point out and prepare the course to be 
followed. The bibliographies in this book are not complete; only 
the references pertinent to the reader^ s orientation are given. 

American science has contributed much of importance in the 
solution of numerous problems concerning the role of vitamins in 
plants. These investigations will be given ample space here. 

The literature has been reviewed more or less completely up 
till 19^1. Since that time, during the course of translation and 
editing, many of the important works of 194-1 and 1942 have 
been added, but omissions exist without doubt (the author has 
been on active service for many months every year since 1940). 
The author believes, however, that the reader will profit mainly 
from the general ideas expressed which have merely been con- 
firmed by the evidence presented in the most recent works. 

The author wishes to express his thanks to his assistants, 
V. Kocher and Dr. W. F. Muller for the execution^ of numerous 
figures. 

He also wishes to give acknowledgment to the Hoard of Direc- 
tors of Messrs. Wander (Bern) (Dr. A. and G. Wander), and to 
Messrs. Hoffmann-La Roche, Basel, for the aid which they have 
given during the course of the investigations cited in this book. 

Acknowledgments go particularly to Dr. Norbert D. Noecker 
of the Department of Biology, University of Notre Dame, for his 
careful translation and invaluable help in editing my French manu- 
script, without which publication of this volume would hardly have 
been possible. Dr. JSToecker is not only responsible for editing my 
manuscript. He also made several timely additions and probably 
not a few corrections. I am very happy to have had the help of 
such an understanding collaborator! Dr. Noecker has asked me 
to thank Dr. W. Lawrence Powers of the University of Notre 
Dame and Mrs. J. G. VerdooRN for reading portions of the English 
translation and for helping with the preparation of the indices. 
Special thanks go to Dr. Theodor K. Just, also of the University 
of Notre Dame, for his careful reading and constructive criticism 
of all the material appearing in this book. 

The Author 
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Chapter I, 


GENERAL INTRODUCTION. 

Ten years ago a botanist asked to discuss vitamins would have 
been faced by a hopeless task. He could have done no more than 
prepare a list showing the vitamin content of various plants. Such 
a list would have been of importance, in the final analysis, only to 
animal physiologists. 

Modern vitaminology began a few years before the opening of 
the present century with the important observations of Eukman 
(1897) and Grijns (1901) concerning the cause of beri-beri and 
polyneuritis (Bi avitaminosis). Soon it was discovered that plants 
constituted for the most part the only important source of vita- 
mins. They alone are capable of carrying on a large scale synthesis 
of these food constituents indispensable to man and animals. How- 
ever it was still impossible to venture an opinion concerning the 
role of these substances in the vegetable organism. By virtue 
of the principle of biochemical finality, so clearly formulated by 
Claude Bernard, one might well expect them to play a role in 
the plant cell. 

Originally a vitamin was described as a substance of unknown 
chemical composition, active in weak dosage, and different from 
the ordinary constituents of the diet. This definition was valid when 
applied to animals, having been made from that point of view. Ac- 
cordingly vitamins were defined as exogenous substances, whereas 
hormones were regarded as endogenous. From the zoological point 
of view this was a very convenient distinction. However, it was soon 
observed that plants seemed to need analogous substances which 
were not comparable with any of the plastic or energizing foods 
required by them. Bottomley (1914-1917) and MocKERlDGE 
(1917) were the first to call attention to certain special activators 
required by the higher green plants when cultivated under special 
conditions. These substances were present in a bacterial infusion 
of peat and were more or less effective in accelerating the growth 
of aquatic plants such as Lemna minor, Azolla filiculo'ides, Salvinia 
natans, and Limnohium stoloniferum. BoTTOMLEY (c/. Funk, 
1924) observed that the fixation of nitrogen by Bacillus radicicola 
{Rhizobium spp.) and Azotobacter chroococcum was favored by 
this same bacterial infected peat, as well as by its extracts. At- 
tempts to concentrate and purify the active principle by means of 
the methods used at that time for the study of vitamins (alcoholic 
extraction of the fermented peat, precipitation by phosphotungstic 
acid and silver nitrate) led to the production of concentrates of 
unquestionable activity. A concentrate obtained by precipitation 
with silver nitrate had a definite action even at a dilution of 
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35 : 100,000,000. These unknown substances, analog’ous to vita- 
mins, were called auximones. 

In going^ back still further we find the observations of Pas- 
teur (1860) concerning yeast. He noticed that the development 
of yeast cultivated in a synthetic medium was markedly hastened 
by the addition of small quantities of organic substances, of un- 
known nature, present in natural products. He also observed that 
the growth of lactic acid bacteria (1858) was favored by the addi- 
tion of onion juice to the culture medium. The concept of vita- 
mins embraces also the early observations of Wildiers (1901) 
concerning bios, which was at that time a mysterious substance 
indispensable to certain races of yeasts. 

Thus we see that the stage had been set at a relatively early 
date. The actual investigations responsible for the remarkable 
progress in plant physiology were based on work whose importance 
cannot be ignored. Although the early work employed rather 
crude methods, it none the less represents the starting point in 
the development of the vast subject treated in this book. 

The point of view from which this is written is that of general 
'physiology. The author’s aim is to point out the importance of 
vitamins in plants to botanists, particularly plant physiologists, and 
animal physiologists. We hope to acquaint the latter with the man- 
ner in which the biosynthesis of vitamins takes place in plants. On 
this occasion it is particularly opportune to present evidence show- 
ing that certain fundamental phenomena are identical in the two 
kingdoms. (Fig. 1). 

The discovery of a vitamin in the field of animal physiology is 
based on the following observations: a diet composed of ordinary 
(unpurified) ingredients consisting of water, mineral salts, carbo- 
hydrates, protein materials, and fats in sufficient quantities to 
meet the plastic and energy requirements of an animal, permits 
normal development. But if the constituents of the diet are highly 
purified, deficiency phenomena appear which lead to avitaminosis 
characteristics. This diet lacks something which is different from 
all the other constituents in that it is effective in traces — that 
something is a vitamin. 


Fig. 1, — Action of vitamins on various organisms: 
as a function of time: 

I. Prirmcla malacozdes^ with and without growth factors (auximones) ; 
from Bottomley, 1914. 

II. Phycomyces Blakesleearvus, with and without thiamin; from Schop- 
FER, 1935. 

III. Rat, with and without vitamin B; from Funk and Macallum, in 
Funk, 1924. 

as a function of quantity: 

IV. Phycomyces (from Schopfer). 

V. Tomato root (from Robbins and Bartley-Schmidt) . 

VI. Rat (from Coward, The Biological Standardization of the Vitamins, 
William Wood &. Co,, Baltimore, 1938. On the abscissa the dosages are in mg. 
of internationally standardized vitamin Bi). 



W. H. Schopfer 


Plants and Vitamins 


The situation is exactly the same with respect to plants. 

Let us take a microorganism, Aspergillus niger, cultivated in 
a synthetic medium containing water, a nitrogen source, a carbon 
source (sugar), and mineral salts, with all the conditions being 
optimum. The balance of materials for the metabolism of this 
organism can be established with as great exactness as it can for 
animals. 

If we consider the balance of nitrogen alone (in a state of 
development in which the loss of nitrogen in the form of ammonium 
is negligible) we obtain, according to Terroine, Mile. Trautmann, 
Bonnet and Jacquot (1925), the following figures: 

Duration, of the experiment, 4 days 


Quantity of N supplied 0.1685 er- 


Total NT in the mycelium 0.0128 fir. 

Total N remaining: in the liquid, not utilized 0.1498 er. 

Total N recovered from the culture 0.1621 er. 


Difterence 0.0014 er. 

Difference in per cent of the quantity of N supplied .... 0.8<%> 

Likewise, the energy balance leads to the same results : the 
transformations take place without gain or loss. 


Energry of the foods supplied 

Energ^y of the unused foods . 

Energy of the mycelium harvested . 
Energy liberated in the form of CO 2 


3.8828 cal. 
2.7260 cal. 
0.8880 cal. 
0.6408 cal. 


Total energy recovered 3.6498 cal. 

Difference (energy supplied — energy recovered) 0.1326 cal. 

Difference in per cent of the quantity of the energy supplied 4.5% 


A second example presented here is taken from the work of 
Allegra. 


Heat of combustion of the mycelium 5.606 cal. 

Heat produced during the course of development 3.229 cal. 

Heat of combustion remaining in the nutrient solution 10.760 cal. 


Total 19.666 cal. 

Heat of combustion of the nutrient solution supplied 19.560 cal. 


The difference, being only about 0.5 per cent, is within the 
limits of the experimental error. 

Aspergillus niger, as well as A. Oryzeae, studied from this 
point of view by Tamiya, has all its plastic and energy require- 
ments covered by this synthetic nutrient solution containing only 
water, a carbon source, a nitrogen source, and mineral salts. In 
contrast, another fungus such as Phycomyces Blakesleeanus which 
might be expected to get along with the same nutrient solution, 
actually does not grow at all in it. The latter fungus is like an 
animal in that its nutrient supply lacks something which likewise 
is found to be a growth factor — a vitamin. 

Let us now consider the higher plants. They are now culti- 
vated in nutrient solutions in much the same manner as are micro- 
organisms. The medium employed contains the necessary mineral 
salts with a nitrate salt as the nitrogen source. Standard formulas 
are those of Sachs, Hiltner, and others. If the culture is started, 
not from the seed, but from the embryo with the cotyledons re- 
moved, the solution must contain not only glucose but also essential 
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growth factors to nourish the embryo during its heterotrophic 
period. Let us follow the development of seedlings grown from 
the seed (intact), having at their disposal only the reserves of 
the latter for their necessary energy supply. The energy balance 
will give the following results (Terroine, Bonnet, and Joessel, 
1924) : 


Energy of the seeds at the beginning 

(calculated from the weight) 

Energy remaining in the seed 

Energy of the seedling 

Energy corresponding to the COa liberated 

Total energy recovered (remaining seed -f- seedling + COa) . . 
Difference between the energy at the beginning and at the end 

(energy lost) 

Difference (energy lost) in per cent of the energy at the 
beginning 


lientils 

Rice 

Plax 


4,2016 

2.0205 

1.0196 

cal. 

2.6320 

0.9553 

0.5014 

1.1081 

j 0.8371 

cal. 

0.6025 

0.3854 

0.1665 

cal. 

4.1898 

1.9949 

1,0036 

cal. 

O.OllS 

0.0256 

0.0159 

cal. 

0.28 

1.25 

1.50 



The higher plants studied here (with the methods and according 
to the viewpoint of the authors) have in the reserves of their seeds 
everything necessary to cover their plastic and energy require- 
ments. However, if the embryos are separated from their reserves 
and are cultivated aseptically on a synthetic medium like that used 
for the seeds, they either fail to develop or grow very little. They 
lack something which is found in the seed, something which the 
embryo is unable to synthesize, and which is not present in a 
strictly synthetic medium. Again we will be able to define this 
unknown substance as a growth factor, ue., one or several vitamins. 

These experiments of Terroine et al., together with the 
earlier work by Rodewald on apples, place plant physiology in the 
same position as animal physiology (Rubnbr’s observations con- 
cerning dogs, Atwater and Rona^s observations concerning man) . 
The principle of the conservation of energy is expressed in the 
same manner in both branches of physiology: the organism does 
not create any new energy, it only uses and transforms the energy 
which is supplied to it. 

The work of the plant physiologist will therefore be exactly 
comparable to that of the animal physiologist. It has gone through 
the same stages : 

(1) Observation that an unpurified natural medium is likely 
to assure success in the culture of a microorganism or a higher 
plant. 

(2) Demonstration that a purification of the medium prevents 
certain organisms from growing. 

(3) Presentation of evidence of an indefinite nutrient, differ- 
ent from all the other constituents of the culture medium. 

(4) Identification of this indefinite substance as a growth 
factor, as a vitamin in the broad sense of the term. 

One might wonder why plant physiology has been so slow in 
progressing. The explanation is found in the following analogy. 
A person who has enough money for a livelihood is perhaps not 
preoccupied by the manner in which it is acquired, nor does he, in 
his comfort, dwell upon the many advantages which he enjoys. 
On the other hand, if he has little or no money he soon acquires 
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some very definite views concerning the manner in which it is 
obtained and also soon becomes aware of the effects of an insuffi- 
ciency. The plant finds itself in the situation of the fortunate 
person. For a long time the plant physiologist did not appreciate 
the value of his fortune. 

The purpose of this book is to present the problem of vitamins 
as it appears today in the light of general physiology. Up till 
now no complete exposition of this kind has been made. The 
great number of publications which have appeared during the 
past several years justifies this comprehensive review of the 
subject. 

Part one will be concerned with the capacity for synthesis in 
cells of green autotrophic plants. We shall point out that the 
capacity for synthesis finds its complete expression in the elabora- 
tion of almost all the vitamins. We shall study the role of vita- 
mins and their functions in the plants which synthesize them. 

Part two will deal with the other aspect of the problem, the 
inability to synthesize one or several vitamins (loss of growth 
factors) with the result that these substances must be supplied 
to the plant as exogenous growth factors. The principal con- 
stellations of growth factors will be studied by means of the 
organisms which have served to demonstrate them. 

Part three will present some general phenomena which are 
wholly or partially explained on the basis of the vitamin concept. 

The entire book must appear as a demonstration of the idea 
that the loss of capacity to synthesize vitamins by a plant leads 
it to the same level as that occupied by an animal. From this point 
of view there is one fundamental similarity between the higher 
animals and microorganisms ; both are heterotrophic with respect 
to growth factors. 

Such a problem cuts across numerous branches of science : hu- 
man physiology, animal physiology, plant physiology, microbiology 
in general, biochemistry, especially enzymology, and pure or- 
ganic chemistry. It is impossible to treat the problem of vitamins 
in plants as if it were completely separated from the general sub- 
ject to which it belongs. The starting point of the problem is 
found in animal and human physiology. Microbiology soon made 
its contribution and gave birth to the well known problem of 
growth factors. The principal result of modern research is the 
demonstration that vitamins in the older sense of the term are 
exactly the same as growth factors. Because of this identity it 
has been possible to approach the problem of vitamins in refer- 
ence to higher plants. The study of vitamins in the higher plants 
has opened the way to one of the most important aspects, namely, 
the biosynthesis of vitamins. In fact, it is by virtue of the higher 
autotrophic plants that the chemical mechanisms of biosynthesis 
could in part be demonstrated. 

The necessity of treating the subject on a very comprehensive 
basis requires the consultation of an extremely extensive bibliog- 
raphy. The dimensions of this book and the spirit in which it was 
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conceived, as well as the necessity of making it accessible to the 
general public, make it necessary to reduce the citations to a 
minimum, and the author asks in advance to be excused for this. 
An eifort will be made to cite general references in order that the 
reader can readily find an extensive bibliography concerning our 
discussion. 

The general works which already cover this subject in part 
and which contain references to the older literature are: Funk 
(1924), Knorr (1925), Sergent (1928), Kandoin and SiMONNET 
(1927), WINTERSTEIN and Funk (1933), Peskett (1933), Knight 
(1935), J. Bonner (1937), Koser and Saunders (1928), Janke 
(1939), and SCHOPFER (1939). Only the books of Funk and of 
Randoin and Simonnet, and the review article of Bonner con- 
sider the problem from the standpoint of both microorganisms 
and higher plants. All the other works consider only the micro- 
organisms. 

The books of Boysen- Jensen (1935), translated into English 
by G. S. Avery and P. R. Burkholder (1936), and of F. W. Went 
and K. V. Thimann (1937) are concerned primarily with plant hor- 
mones (auxins). (Seep. 216), 

Interesting reviews have appeared in the two iirst volumes of 
Ergebnisse der Vitamin- und Hormonforschung (1938 and 1939). 

A list of important treatises on vitamins is given in the bibliog- 
raphy on p. 58. 
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Chapter II. 


THE PLANT CELL AND ITS CAPACITY 
FOR SYNTHESIS. 

Physiologically speaking the plant cell is characterized by an 
extraordinary capacity for synthesis which is by no means con- 
fined to photosynthesis. From elements and mineral substances it 
builds extremely complex materials and does so with very simple 
means. Cytologically, the capacity for synthesis is in the main 
dependent upon the mitochondrial system. The mitochondria are 
the precursors of various plastids, e.g., leuco-, chromo-, and chloro- 
plasts. From the work of Guilliermond (1933)^ and his school 
we know now the genetic relations existing between the various 
kinds of plastids and the various categories of cellular constituents. 
The plastids themselves are the most important bases of synthesis. 
Of the substances synthesized we shall mention, as an example, 
only the carotinoids since they are of particular interest in the 
study of biosynthesis. 

The plastids, because of their enormous surface area, their 
chemical composition, and their physico-chemical structure, are 
adapted to play a very important role. Their diastase content and 
their lipoidal constitution give them an unusual oxidation-reduction 
capacity. The chondriome has been considered as the possible 
carrier of glutathione (for example, by Joyet-Lavergne and 
Parat), whose strong reducing properties and tendency to be 
oxidized in the air are well known. This property of auto-oxidiz- 
ability of glutathione lends further support to the possibility that 
the plastids take part in the oxidation-reduction phenomena accom- 
panying biological syntheses despite the fact that we seldom under- 
stand the mechanism of these reactions. The syntheses which yield 
insoluble final products visible in cytological studies are certainly 
not the only ones for which the chondriome is responsible. As 
Nageotte puts it, their chemical activity must likewise permit the 
formation of substances which diffuse to the place where they 
accumulate. The recent work of Joyet-Lavergne (1935) tends 
to show that the chondriome of certain animal cells acts as a 
carrier ; for example, red corpuscles act as the carriers of vitamin 
A, detected histologically by the Carr-Price reaction (antimony 
trichloride). Joyet-Lavergne suspects the existence of an equi- 

^Recently the Chronica Botanica Company, Waltham, Massachusetts pub- 
lished a book by Guilliermond (1941) concerning the cytoplasm of the plant 
cell. This book is an international monograph especially written for the *'New 
Series of Plant Science Books'% not a translation from one of Guilliermond's 
previous publications. 
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librium between glutathione and vitamin A resulting in the pro- 
tection of glutathione by vitamin A. He attributes to the chondri- 
ome a catalytic oxidizing power of the same order as that required 
to oxidize a solution of glucose. The second step in cellular respi- 
ration occurs supposedly in the chondriome ( Joyet-La.vergne, 
1936). This example shows that the vitamins, above all other 
compounds, represent a complete and perfect expression of the 
capacity for synthesis of the plant cell. The highly complex con- 
tents and the intricate structure of the vitamin molecules are the 
products of intense chemical activity since the initial materials 
consist of elements or very simple compounds. 

A thorough examination of the data concerning the biosyn- 
thesis and chemistry of each of the vitamins will be reserved for 
later chapters. For the present it will suffice to list simply the 
active substances which are related to the capacity for synthesis 
in plants and which in most cases take part in the metabolism of 
the plant. 

1. — Vitamin A, anti-xerophthalmia or anti-nyctalopia vitamin ; 
fat-soluble, occurring in plants in the form of a provitamin, i,e., a 
carotenoid. 

Vitamin B group, water soluble: 

2. — Antineuritic vitamin, Bi, thiamin (aneurin). 

The vitamin B^ complex: 

3. — Growth vitamin, sometimes called Bg (strict sense of 
the term) or vitamin G, lactofiavin, riboflavin. 

4. — Pellagra-preventative vitamin of humans (P-P factor), 
canine anti-blacktongue factor of Gyorgyi - nicotinic acid or its 
amide. 

5. — Pellagra-preventative vitamin of rats, vitamin Be, *‘rat 
acrodynia” factor of Gyorgyi, adermin, pyridoxine. 

The list of *‘B vitamins’^ has continued to growh the first addi- 
tion being the pellagra-preventative vitamin of chicks, also known 
as the filtrate factor since it is not adsorbed on Fuller's earth with 
the other Ba vitamins but remains in the filtrate. It has been 
identified as pantothenic acid; it is in some cases replaceable by 
yS-alanine. Another member of the group" is vitamin W which 
is necessary for the growth of the rat. It is heat labile but is not 
the same as vitamin Bi ; it is now thought to be identical with 
biotin. 

Other vitamins: 

6. Vitamin C, anti-scorbutic vitamin, water soluble, ascorbic 
acid. 

^Since the above was written great progress has been made in the identi- 
fication of members of the “vitamin B complex”. At present nine water soluble 
“B vitamins” are recognized: thiamin, riboflavin, nicotinic acid, pyridoxine, 
pantothenic acid, biotin, inositol, p-aminobenzoic acid, and “folic acid” {Cf. S. 
Ansbacher, 1941 ; R. J. Wieliams, 1941 ; H. K. Mitchele, E. E. Snell, and 
R. J. Williams, 1941; R. J, Williams and coworkers, 1941). 
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7. — Vitamin Da, anti-rachitic vitamin, fat soluble, calciferol, 
an isomer of ergosteroL 

8. — Vitamin E, anti-sterility vitamin, fat soluble, o:-tocopherol. 

9. — Vitamin K, anti-hemorrha^c vitamin, fat soluble. 

10. — Vitamin P, concerned with permeability, citrin (flavone 
derivative) , the formula of which is approximately but not fully 
known. 

This list includes only those vitamins which have been identified 
chemically. It cannot be said that the capacity for synthesis of 
all of these vitamins is confined to plant cells, since animal cells are 
of primary importance in the synthesis of vitamin D 2 - Concerning 
others, the function of which seemed until recently to be limited to 
animals, e.g., vitamins E and K, animal physiologists must con- 
cede that plants constitute their richest sources. This is indeed 
comforting* to the botanist since it enables him to view the problem 
with the proper perspective. 

This problem concerns not only the vitamins known originally 
for their action on animals and whose role is now sought in plants, 
but conversely, such factors as those in bios (thiamin, pantothenic 
acid, pyridoxine, biotin, and inositol), which once seemed to be 
active only on plants, but which today are known to affect animals 
as well. These substances will be studied in greater detail in 
subsequent chapters. 

The unusual capacity for synthesis, which is a property of the 
most primitive plant cells, degenerated during the very early stages 
of evolution. General autotrophism which is the rule in green 
plants shows a tendency to decline as evidenced by the complete 
disappearance of certain substances. The capacity for synthesis, 
which, when intact, is able to confer complete biological and bio- 
chemical independence upon the plant, has evolved by mutation or 
by slow evolutionary changes of an adaptive nature, leading the 
plant toward heterotrophism, saprophytism and parasitism. By 
examining various plant series we are able to follow, step by step, 
all the stages of this progressive degeneration leading to complete 
heterotrophism. 

In the Scrophulariaceae a series of autotrophs and hemipara- 
sites, e.g.j Scrophularia, Pedicularis, Melampyrurrij and Euphrasia, 
is particularly striking. By comparing these species with those 
having a full complement of chlorophyll it is possible to detect a 
progressive decrease in their photosynthetic activities (MolliaRD, 
1921). In the case of a Euphrasia sp., transpiration and chloro- 
phyll formation are still carried on to some extent, whereas the 
absorption of water and mineral salts is reduced. It is for this 
reason that this species might be dependent upon a host since it 
is not dependent on an outside source of sugars. At any rate, it 
is a partial heterotroph. 

A series of autotrophic and saprophytic Orchidaceae is equally 
instructive. Many of the green orchids are heterotrophic and are 
dependent upon their mycorrhiza for growth factors of a vitamin 
nature only during the early stages of their development, since 
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later on they become independent of the symbiotic fungus and can 
dispense with it (Schaffstein, 1938). Others {CoTallorrhiza, Ne^- 
ottia, Iji'ynodoruTriy and Epipogon) remain definitely heterotrophic, 
but in different degrees. Neottia, which grows in shady habitats, 
has lost almost all of its chlorophyll but still possesses chloroplasts 
(Senn, 1927), which are lacking in Corallorrhiza. and Epipogon. 
The causes which have led to partial or complete heterotrophism 
with all its morphological manifestations need not be discussed 
here. The causes may be varied in nature and lead to phenomena 
of convergence. It seems likely that the cause for the chlorophyll 
deficiency in the humus inhabiting orchids is a lack of light, and 
that the symbiotic mycorrhiza compensates the plants for this 
deficiency by supplying carbohydrates. 

The origin of heterotrophism can actually be observed. Renner 
found wild albino forms of green orchids, Cephalantera alba and 
Epipactis latifolia, even though such phenomena had never been 
described for these orchids. We know, however, that the colorless 
forms of Neottia nidus avis (f. sulfurea, f. pallida, and f. nivea) 
are found only rarely. The plant probably has suffered no harm 
in becoming heterotrophic since Epipactis has a well developed 
symbiotic fungus. In the case of Cephalantera a large proportion 
of the root is not infected. We can assume, without definite proof, 
that the presence of the fungus accounts for the continuation of 
this albinism. It is hardly probable that these albinos may have 
been able to give rise to a stable race of definitely heterotrophic 
forms. Since the leaves remained normal in size in the case cited 
by Renner, the loss of chlorophyll represents only one of the char- 
acters of the complex of primary and derived characteristics which 
condition the saprophytism of orchids and which are so difficult to 
analyze. Likewise in the genus Pirola, Camp (1940) observed 
the disappearance of the leaves in species which normally possess 
them. These forms derived from autotrophs survive by virtue of 
their mycorrhizal fungi. 

Experimentally produced heterotrophism can be demonstrated 
cytologically in all its details in the flagellates. These organisms, 
which have been studied extensively by Lwopf, are of particular 
interest because they represent the point of departure of the plant 
and animal kingdoms, the former containing chlorophyll and being 
autotrophic, the latter being heterotrophic. The bifurcation involv- 
ing the mitochondrial system and the plastids begins with this 
group of organisms. We know green flagellates such as Euglena 
gracilis, others possessing plastids (leucoplasts) but not synthe- 
sizing chlorophyll such as Polytoma uvella, and still others with- 
out plastids and without chlorophyll such as Glaucoma piriformis. 
Chattqn calls the first — chlorophytes, the second — ^leucophytes, 
and the third — ^protozoans. 

Protists (^Protista protocarya) : without definite nuclei or mito- 
chrondria (bacteria). 

Protists {Protista eucarya) : with well defined nuclei and mito- 
chrondria. 
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Protozoans:- xxo plastids, no chlorophyll. 

Leucophytes : leucoplasts, no chlorophyll {Polytoma uvella) , 
Chlorophytes : one or several plastids with chlorophyll {Eu- 
glena gracilis ) . 

Our interest in these organisms pertains particularly to the 
development of heterotrophism. The physiology of the metabolism 
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Fig. 2. — - Experimental production of reversible and irreversible heterotrophism in 
Euglena gracilis (compiled from data of Ternetz, 1912). 

of these forms is now well known. The leucophytes are hetero- 
trophic with respect to carbohydrates, whereas the chlorophytes 
are autotrophic. 

The case of Euglena gracilis is particularly instructive. This 
green species is autotrophic and grows well in light on a mineral 
medium based on nitrate or, better yet, ammonium salts. When 



W. H. Schopfer 


14- 


Plants and Vitamins 


nitrogen is supplied in the form of potassium nitrate the organism 
can survive only one transfer, but when this element is supplied 
by ammonium salts it may be subcultured indefinitely. When cul- 
tured in darkness incipient heterotrophism appears and an inde- 
pendent carbon source becomes necessary. Furthermore, it has 
been found possible to deprive Euglena gracilis of its chlorophyll, 
either by culturing it in the dark, or by culturing it in light on a 
medium containing a complex organic nitrogen source. This is 
not applicable to all strains of Euglena gracilis. The decoloration 
in the dark produces reversible effects. The chlorophyll disappears 
but the plastids remain and, when exposed to light, become green 
again. On the other hand, when the organism is decolorized in 
light by means of an organic nitrogen substance such as peptone 
it not only loses its chlorophyll but also suffers an irreversible loss 
of its plastids. These forms have become definitively hetero trophic 
(ZUMSTEIN, 1900; Ternetz, 1912). Thus the chlorophyte may re- 
versibly become a leucophyte, and the leucophyte may irreversibly 
become a protozoan (Fig. 2). The chlorophyte, according to the 
terminology of A. LrWOFF, is a protoautotroph (it assimilates CO2) ; 
the leucophyte is an oxytroph (it requires an exogenous source of 
carbohydrates) ; the protozoan is a haplotroph (a complex nitrogen 
source can serve as the source of carbon) . Moreover, an organism 
may be heterotrophic in its nitrogen nutrition but autotrophic in 
respect to carbohydrates. 

We shall not discuss the relations between nitrogen and carbon 
nutrition which have been well established by the work of A. 
Lwoff. It seems that protein synthesis is connected with the activ- 
ity of the plastids. Apparently they play a fundamental role in 
this process since they disappear when heterotrophism is produced 
experimentally under certain cultural conditions. This hetero- 
trophism, which involves a total change in the metabolism, remains 
genetically fixed. 

The following table demonstrates that the evolution of hetero- 
trophism may also involve nitrogen nutrition since not all green 
Euglena species have the same nitrogen requirements. 

Tabi^ I. — Valve of various nitrogen sources to Euglena gracilis 
(after H. Dusi, in Lwoff, 1932). 



nitrates 

NHh salts 

amino acids 

peptones 

Euglena stellata 

+ + 

+ -1- 

H- + 


gracilis 



-+■ + 

4--h 

Klehsii*^ 

+ 


-+ + 

4-4- 

anahoena"^ 

0 

+ 

H — h 

4-4- 

deses* 

0 

0 

-f-H- 


pisciformis * 

0 

(’*'can live only 

0 

in light!) 

0 

4-4- 


The ability to reduce and assimilate nitrates is primitive and 
•characterizes the autotrophs. It has already decreased somewhat 
gracilis. E. Klehsii and E. anahoena are still able to 
utilize ammonium salts in the synthesis of their amino acids. E. 
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deses requires an amino acid, and E. pisciformis has obviously be- 
come completely heterotrophic in respect to nitrogen nutrition since 
it requires a peptone for its growth. The evolutionary change in 
these species of Euglena is complete since it is not only morpholog- 
ical, visibly affecting the plastids, but is also physiological. It is 
easy to follow the stepwise evolution of carbon and nitrogen nutri- 
tion. This physiological degeneration is certainly caused by the 
loss of some enzyme. 

liWOFF and others who have studied this problem have never 
observed a reappearance of the pigment in those forms of leuco- 
phytes which are genetically fixed. This loss of function, namely 
the abolition of the capacity for synthesis, is therefore definitive 
and irreversible. Its phylogenetic progress can be traced along 
orthogenetic evolutionary lines but cannot be reversed either ex- 
perimentally or genetically. This loss of function gives rise to new 
needs, thereby causing the organism to change to a new 
mode of life characterized by a progressive loss of physiological 
independence . 

Such a loss of function is obviously related to saprophytism and 
parasitism. As already pointed out in connection with the higher 
plants, the morphological expressions of parasitism are diverse. 
Among the numerous characters found in parasitic organisms it 
is difficult to distinguish readily between primary and secondary 
ones, and between those which appeared abruptly by mutation and 
those which were perfected by adaptation. The unicellular organ- 
isms (flagellates) permit an experimental approach to the problem, 
whereas the higher plants do not. In the flagellates the loss of 
function seems to be primitive. This loss must have led the 
organism to parasitism, and once this relationship was established, 
the line was able to maintain itself throughout its phylogeny. The 
initial phenomenon is of a physiological nature since it is the chem- 
istry of the cell which is attacked and modified first. In the case 
of Euglena gracilis, the origin of the definitely decolorized form 
without plastids occurs in forms with chloroplasts under the influ- 
ence of organic nutrients. One might be inclined to attribute this 
change to a direct action of the medium, although such an assump- 
tion is illogical. An action of this kind presupposes a genetically 
determined constitution receptive to the influence of the medium. 
In reality the organic nitrogen acts upon the genetic mechanism of 
the cell which in turn conditions the formation of plastids. 

From the above we may conclude that physiological evolution 
by loss of function involves a transposition of action, a phenomenon 
well known in morphological evolution in which reductions play a 
primary role ( Wettstein) . 

We can well imagine what such a loss of function means to an 
organism. The performance of all essential functions by a living 
cell involves a multitude of reactions all of which are interde- 
pendent. They have a complex substratum as a base and they are 
effected by numerous catalytic agents. In this chain of reactions, 
if one of the links is missing and a method of replacing it can not 
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be found, the whole procedure is interrupted and the products 
accumulate. Living matter is characterized by the fact that it 
produces its own instruments which are adapted to and necessary 
for its conservation. If only one of these instruments is missing*, 
the development is inhibited or underg*oes profound modihcations. 

Let us now return to vitamins and growth factors and consider 
them in the light of the discussion just presented. 

When we compare animals and plants in a general way and 
note that the former are no longer able to carry on the synthesis 
of substances they must now obtain from plants, we are evidently 
viewing the problem in its proper perspective, namely, from the 
standpoint of loss of function. The problem was considered from 
this angle at a time when vitaminology was still in its infancy. 
Today, thanks to the progress in plant physiology, it is possible to 
attack the problem experimentally. 

The first step in the experimental procedure is to find a plant 
which reacts in the same way as animals, viz,, one which is unable 
to synthesize a vitamin or a similar substance and which there- 
fore requires an exogenous source. Such a plant is a suitable 
experimental object. The fungus Phy corny ces Blakesleeanus is 
ideal for this purpose (Schopfer, 1934 ). 

This phycomycete grows well on a medium composed of natural 
products but does not grow on a strictly synthetic one (glucose 2%, 
asparagine 0.1%, MgSO^ 0.05%, KH2PO4 0.15%). But if a trace 
of vitamin (thiamin) is added (0.5y per 25 cc. of medium) to 
this synthetic medium, excellent growth is obtained. This plant 
has become heterotrophic in respect to thiamin. 

The proof of this heterotrophism can be demonstrated in the 
following manner: the spores of the fungus evidently contain a 
small quantity of the growth factor received from the parent plant. 
This reserve supply produces no more than a short germ tube. If 
an extract is prepared from this minute thallus with avitaminosis 
and is added to a fresh thiamin-free synthetic medium as given 
above, it is found that this preparation does not support the growth 
of Fhycomyces. This certainly is proof that no vitamin is present, 
that the feeble reserve furnished by the spores has been rapidly 
depleted, and that the capacity to synthesize a new supply of vita- 
min has disappeared. It can be proved that the vitamin (or an 
analogous factor) is actually present in the spores by preparing a 
concentrated extract from a large mass of spores (several millions) , 
and by adding this extract to an inactive synthetic medium and by 
culturing Phycomyces on it. The abundant growth obtained shows 
that the vitamin is present in the spores, but that the quantity is 
so small that its action cannot be detected except in a concentrate 
prepared from the spores. 

This experiment proves definitely that Phycomyces has lost the 
capacity to synthesize thiamin. Consequently this plant resembles 
animals in one of its physiological characteristics. It is not only 
heterotrophic from the general point of view (a saproph5d;e) ' but 
it is also heterotrophic in respect to vitamin B^. Other related 



Chapter II 


— 17- 


The Plant Cell 


plants in this group of molds, Absidia glauca and Rhizopus suimcs, 
are evidently able to live without this vitamin; actually, they are 
able to synthesize it. Thus they are autotrophic in this respect. 
Their extracts (obtained from cultures grown on a synthetic me- 
dium) when added to a fresh synthetic medium (inactive for 
Phy corny ces) permit the growth of Phycomyces. The latter re- 
ceived the vitamin (growth factor) synthesized by Absidia glauca 
and Rhizopus suinus from the synthetic nutrient material. 

This line of reasoning which we have applied to a chemically 
known vitamin, is equally sound when applied to any of the sub- 
stances known as growth factors in the field of microbiology (see 
definitions, p. 195) . 

Fischer (1906) established a special category in which he 
placed the heterotrophic bacteria which require the more complex 
nutrient materials furnishing special activators analogous to vita- 
mins, and designated this group as paratrophs. In this connection 
we recall the early observations of Pastexjr concerning yeasts and 
lactic bacteria, and of Wildiers concerning bios. By virtue of the 
demonstration that a chemically known vitamin with typical action 
on animals can also act as a growth factor for plants, the two 
kingdoms meet again in a definite manner, i.e., the vitamins (in 
the strict sense) of animals correspond to the growth factors 
(nutrilites of R. J. Williams) of microorganisms. Both groups 
of substances act as catalysts, are effective in very minute quanti- 
ties, involve the same research techniques, and have the same gen- 
eral characteristics ; they are, in fact, one and the same thing. It 
will be necessary to expand considerably the vitamin concept in 
accordance with criteria destined to stand the test of time. From 
now on we shall consider the growth factors of microorganisms as 
vitamins in the proper sense of the word. 

The fact that a loss of capacity for synthesis brings about the 
need for a special factor has long been known. We find this idea 
expressed even in some of the early work. Twort and Ingram 
(1913) studying two closely related microbes, Koch’s (human 
tuberculosis) and JoHNE’s bacilli (bovine tuberculosis) , made the 
following observations: Johne’s bacillus is unable to grow on 
media which suffice for the development of Koch's bacillus. On 
the other hand, JoHNE's bacillus can grow if the medium is sup- 
plied with some of Koch’s bacilli or simply a glycerine extract of 
these bacilli. This fact, which was at that time considered unique, 
can be explained in only one way, viz,, Koch’s bacillus is able to 
synthesize one or several substances which are indispensable for 
but not produced by Johne’s bacillus. It is now known that the 
factor required by JOHNE’s bacillus is vitamin K (WOOLLEY and 
McCarter, 1940). 

The fact that the loss of capacity for a particular synthesis by 
an organism results in its becoming dependent upon a growth fac- 
tor is definitely established by the investigations of P. Fildes, 
Knight, Lwoff, Schopfer, and Ondratschek. 



W* H. Schopfer 


18 


Plants and Vitamins 


REFERENCES:- 

1900: H. ZITMSTEIN. — Zur Morphologic und Physiologic der Euglena 
gracilis. Jahrb. Bot, 34:149. 

1903: A. Fischer. — Vorlesungen liber Bakterien. Jena, G. Fischer. 

1912: Ch. Ternetz. — Beitrage zur Morphologic und Physiologic der 
Euglena gracilis Klebs. Jahrb. Bot. 51:435. 

1913: F. W. Twokt and G. L. Y. Ingram. — A monograph on Johne's dis- 
eases (Enteritis chronica pseudotuberculosis bovis). London, Bailli^re, Tyn- 
dall & Co. 

1921: M. Molliard. — Nutrition de la plante. Formation des sub- 
stances temaires. Encycl. scientif., Gaston Doin, Paris, 438 pp. 

1927: G. Senn. — Die Chlorophyll-Armut saprophytischer Orchideen . . . 
Verhandl. Naturforsch. Ges. Basel 38:516. 

1928: P. Joyet-Lavergne. — Sur Ics rapports entre le nucl4ole, le chon- 
driome et le glutathion. C. r. Soc. bioL Paris, 98:567, 

1932 : A. Lwoff. — Recherches biochimiques sur la nutrition des Protozo- 
aires. Monographies de Tlnstitut Pasteur, Masson & Cie, Paris, 158 pp. 

1933: A Guilliermond, G. Managenot et L. Plantepol. — Trait4 de 
Cytologic vcgetale. Paris, Le Francois, 1195 pp. 

1934: W. H. Schopfer. — Versuche iiber die Wirkung von reinen kristal- 
lisierten Vitaminen B auf Phycomyces. Ber, d. d. bot. Ges. 52:308. 

1935: P. Joyet-Lavergne. — Contribution k la recherche de la vitamine 
A dans les cellules animales et veg4tales. C. r. Acad. Sc. Paris, 200:346. 

1936: P. Joyet-Lavergne. — La demonstration exp4rimentale du role du 
chondriome dans la respiration. C. r. Acad. Sc. Paris, 203:1291. 

1938: G, Schafpstein. — Untersuchungen iiber die Avitaminose der 
Orchideenkeimlinge. Jahrb. Bot. 86:720. 

1940: W. H. Camp. — Aphyllous forms in Pyrola. Bull. Torrey Bot. 
Club 67:453. 

1940: D. W. Woolley and Janet McCarter. — Antihemorrhagic com- 
pounds as growth factors for the Johne's bacillus. Proc. Soc. Exptl, Biol. 
Med. 45:357-360. 

1941: S. Ansbacher. — p-Aminobenzoic acid, a vitamin. Science, 93:164. 
it 1941: R. J. Williams. — The importance of microorganisms in vitamin 
research. Science, 93:412. 

1941 : H. K. Mitchell, E. E. Snell and R. J. Williams. — The concentra- 
tion of ‘‘folic acid”. Jour. Amer. Chem. Soc. 63:2284, 

1941: R. J. Williams and coworkers. — Studies on the vitamin content 
of tissues I. The University of Texas Publication No. 4137. (Published by 
the University of Texas, Austin, Texas). 

1941: A. Guilliermond. — The Cytoplasm of the Plant Cell. Waltham, 
Chronica Botanica Co., 247 pp. 



Chapter III. 

THE EXPEEIMENTAL STUDY OF GROWTH 
FACTORS AND THE SELECTION OF 
TEST PLANTS. 

The methods employed in the study of vitamins and their 
actions in plants are, in the main, identical with those used in 
animal physiology. 

Microbiology entered into an active period as soon as it was 
discovered that microorganisms can be grown on media in the 
absence of living hosts. The introduction of these methods into 
biology constitute the main contribution of Brefeld. This period 
was probably dominated by the misapprehension that an organism 
cultured on a medium composed of natural products was being 
supplied with known substances only and that the entire metabolism 
of the organism could therefore be controlled. 

Further progress of unusual importance was made by the intro- 
duction of synthetic media prepared from known substances. This 
advance in technique is due chiefly to Pasteur who empl6yed a 
synthetic medium in the culture of yeast. This njedium — synthetic 
in the sense used at that time — was very simple. Already at that 
time Pasteur observed that a synthetic medium did not give as 
good results as one composed of natural products, and that the 
addition of small amounts of natural products to the synthetic me- 
dium resulted in a marked increase in growth. Thus it became evi- 
dent from the beginning that synthetic media lacked something 
which could be supplied in small amounts. 

The classic work of Raulin (1870) on the culture of Asper- 
gillus niger on a synthetic medium seemed to give the problem a 
substantial foundation. By supplying a carbon source (sugar or 
an organic acid), a nitrogen source, and mineral salts containing 
all the necessary elements, Raulin succeeded in obtaining excellent 
growth of this fungus. But he also observed that the addition of 
yeast extract to the synthetic medium made it possible to obtain 
even better growth. Thus Raulin had a vague conception of nutri- 
ents of unknown composition about a quarter of a century before 
animal and human physiologists became aware of such substances. 

Raulin's work probably suggested the possibility of culturing 
all microorganisms on synthetic media. But when attempts were 
made to extend the methods of this student of Pasteur to other 
microorganisms it soon became obvious that this could not be 
done. On the contrary, as the constituents of synthetic media were 
purified more and more the resulting growth decreased correspond- 
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ingly. In other words the medium employed by Raulin was not 
synthetic in the modern sense of this term. 

Ingredients of media such as mineral salts and organic sub- 
stances (sugar), although considered chemically pure, contain a 
much larger quantity of essential growth substances than one might 
suspect. In this connection it might be well to share the opinion 
of Steinberg, a leading specialist on the action of metallic cata- 
lyzers on microorganisms, that the use of actually pure media would 
result in no growth whatever. Thus the study of highly purified 
media led to the concept of indefinite nutrients which is still in need 
of further clarification. 

What has just been said concerning microorganisms can like- 
wise be applied to the higher plants. We have already analyzed 
the results of Bottomley and Mockeridge according to which the 
growth of green plants is apparently accelerated by organic sub- 
stances effective in small dosages and thus different from the 
nutrients ordinarily supplied. 

Let us now examine briefly the precautions necessary in dem- 
onstrating a growth factor of vitamin nature as defined by the 
author. All sources of error must be eliminated. This can be 
done by observing a very simple rule : the medium supplied to the 
plant must be truly optimal and of such a composition that only 
the deficient factor can be responsible for the absence of growth. 
Failure to follow this rule will often lead to false assumptions. For 
example, the failure of an organism to grow might be attributed 
to a lack of growth factors when the real cause is of an entirely 
different nature (physico-chemical properties of the medium or 
mineral catalysts). 

Physico-chemical properties of the medium. — A culture me- 
dium for microorganisms or higher plants must not only contain 
all essential ingredients in correct amounts and proportions, but 
it must also possess certain physico-chemical properties necessary 
for the growth of the particular organism, t.e., pH, rH, viscosity, 
and surface tension. 

pH. — A discussion of the effect of the pH of the medium is 
unnecessary in view of the numerous well known cases, viz.y an 
unfavorable pH, too acid or too alkaline, prevents growth even 
if the medium is favorable in other respects. 

rH. — Knight and Fildes (1930) showed that the germination 
of spores of Bacillus tetani can be inhibited completely by an unfa- 
vorable redox-potential. One might be tempted to attribute this 
inhibition to the absence of a growth factor, but actually it is due 
entirely to an unfavorable redox-potential (c/. Hewitt, 1937). 

The rH can be adjusted by substances which have the same 
characteristics as vitamins, or even by vitamins themselves. In 
such redox systems vitamins can act exclusively on the rH of the 
culture medium, affecting the organism externally without taking 
part in its metabolism. The following list gives a scale of rHa 
values obtained by means of various vitamins. 
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Table II. 

Growth factors 

as 

redox systems 

(from 

Janke, 1939). 

substance 

pH 

T 

Eo^ 

rHs 

active group 

eodehydrog-enase 






(factor V) 

7.0 

30 

— 315 

3.5 

nicotinic acid* 

riboflavin 

7.0 

SO 

— ^210 

7 

isoalloxazine* * 

ascorbic acid 

7.0 

SO 

— 54 

12.2 

dienol group 

glutathione 

7.0 

SO 

7 

9 

SH — group 

cytochrome 

7.0 

30 

-1-123 

I8.i 

hemin 

adrenaline 

7.0 

30 

-1-380 

26.7 

dioxyphenyl 

^constituent of 

a codehydrogenase 




**constituent of the 'Vehow enzyme’ 





These actions in which the effect of a vitamin is confined strictly 
to the adjustment of the rH simulate the action of a true K^owth 
factor. Actually it is correct to speak of the action of a growth 
factor only if the vitamin is absorbed and participates in the 
metabolism of microorganisms or higher plants. In some cases 
it is difficult to distinguish between the action of a true growth 
factor and that which is strictly physico-chemical and external. 

Viscosity and surface tension. — These characteristics are 
much more important than they might appear to be at first. In 
their work on Azotohacter, Rippel and B. Lehmann (1936) ob- 
served that an addition of 0.1 per cent agar to a mineral medium 
visibly favors the fixation of nitrogen and also the production of 
living material (determined on the basis of dry weight). It was 
found that the agar acted, neither by furnishing a specific sub- 
stance to the medium nor by adsorbing toxic inhibiting substances, 
but by making oxygen more accessible through its colloidal 
properties. 

Agar has a similar effect on Aspergillus niger. When grown 
without agar, the mycelium of this fungus is restricted to the 
margin of the medium in contact with the culture flask, but when 
grown with agar, a thick fungus mat is produced over the entire 
surface of the medium, indicating that surface tension plays an 
important part. 

All experiments concerning extracts of agar obtained by means 
of various solvents led to negative results, hence the action of the 
agar in these cases must have been due to its physico-chemical 
properties. 

There are many other cases of similar nature, e.g.y Trichophyton 
{Oospora) albicans is favored by a reduction of the surface ten- 
sion of the medium (voN Hahn, 1926). 

Surface tension and viscosity, being related to the degree of 
dispersion of the medium, are therefore of fundamental importance. 

Action of mineral substances. — Mineral substances act not 
only as plastic materials for the formation of living matter, but 
they also play a catalytic role, acting in very small dosages. The 
latter action is still erroneously called oligodynamic, since Nageli, 
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who discovered the phenomenon, intended this term for an inhibi- 
tory or toxic action produced by a trace of metal. 

The action of metallic catalyzers has become well known since 
the observations of Raxjlin concerning the effect of zinc on Asper- 
gillus, Bertrand and Javillier — mang-anese on Aspergillus, Rich- 
ARDS — thallium on yeast, Gollmick — copper on Aspergillus, Bor- 
TELS — molybdenum, vanadium, and tungsten on Azotohacter^ 
Steinberg (1936) — molybdenum on Aspergillus, and of many 
other investigators. [Concerning the action of mineral elements,, 
cf. Steinberg (1936), Pirschle (1938-39), and Neipp (1937)]. 
The account by Steinberg concerning molybdenum and its action 
on Aspergillus is particularly instructive. 

Steinberg (1936) observed that the growth of Aspergillus niger 
was favored by certain samples of impure sucrose. It was logical 
to suspect an active substance in the sugar. The peculiar action 
of the impure sucrose disappeared upon extraction by alcohol, as 
if the latter had removed a growth factor. However, in place of 
an organic growth factor (vitamin) , a metallic element was found 
responsible. Of 55 elements studied, Steinberg found that molyb- 
denum acted as the growth stimulating substance when supplied 
at the rate of lOy per liter of solution. 

This case is typical because of the fact that all extraction meth- 
ods employed might have led to the belief that the action was due 
to a vitamin extracted by alcohol. It shows that one can not be too 
cautious in dealing with this subject. 

Furthermore no misapprehensions should be entertained re- 
garding the purity of nutrient media, since they always contain 
many more ingredients than expected. Impurities are present in 
traces even in doubly distilled water. G. Lohmann has shown that 
an animal charcoal treatment of the distilled water used in the prep- 
aration of media resulted in poorer cultures than those grown with 
untreated water {Aspergillus niger). Distilled water fresh from 
the still contains traces of zinc which produce excessive development 
in the control cultures. Furthermore, glass containers liberate ele- 
ments during the course of sterilization (Lasseur and Girardet, 
and Ondratschek) . Such substances may also be introduced during 
inoculation. The most important sources of trace elements are 
the impurities of the ingredients of the medium. Steinberg has 
made detailed spectroscopic studies of the mineral substances pres- 
ent in the well known Pfeffer medium. It contains, in addition to 
glucose, 7 mineral salts: NH 4 NO 3 , KH 2 PO. 1 , Mg SO 4 , ZnS 04 , CUSO 4 , 
MnS 04 , Na 2 Mo 04 . The following cations were detected spectro- 
scopically : 

in NH4NO3: Na, Mg, Ca, K(?). 
in KH2PO4: Al, Pb, Na, Cu, Mg, Ag. 
in MgS04: Na, Cu. 

in ZnS04: Fe, B(?), As, Mg, Sn(?), Cu, Si, Na, Mn. 
in CUSO4: Fe, Mn, Si, Mg, Cu, Pb. 
in MnS04: Na, Fe, Cu, Al, V, Cr, Si, Mg, Ca. 

in Na2Mo04: Cu, Mn, Fe, Al, Ni, Mg, Ca, K, Na, Mn, Si, Li, V(?). 
in glucose: Li, Na, Sr, Ca, Rb, K, Mn, Al, Fe, Rh, Ni, Ag, Cu, Mg, Sn, B, Si. 
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A certain number of these cations is definitely known to have a 
favorable action upon the growth of several microorganisms. The 
importance of mineral substances with catalytic action should not 
be underestimated. It is known that they play an important role 
in metabolism, viz., as coenzymes, taking part in a fermentation 
reaction. Zinc is known to raise the economic coefficient of Asper- 
gillus niger and to lead to a better utilization of sugars. It must 
therefore participate in the enzymatic synthesis of polysaccharides 
(PoRGES). The investigations of Waksman and Forster have 
shown that in Rhizopus nigricans zinc participates in the produc- 
tion of organic acids. 

The importance of mineral elements in culturing microorgan- 
isms and higher plants is evident also from a great number of 
other investigations, not all of which can be cited here. Neverthe- 
less, attention should be called to the brilliant investigations of 
NieI/SEN and his collaborators on Aspergillus niger. They found 
that growth factor B requires a mineral co-factor present in the ash 
of filter paper and other substances. This co-factor can be replaced 
by a mixture of 20 metals, in the form of salts, in precise and opti- 
mal proportions. The recent investigations of Utiger and SCHOP- 
FER (Act. Soc. Helv. Sc. Nat. 1941) have demonstrated the great 
importance of mineral catalyzers (present as impurities in the 
organic constituents of the medium) in the synthesis of vitamins 
by Rhodotorula rubra and Mucor Ramannianus, The author groups 
the mineral substances together and calls them pseudo-growth- 
factors (see p. 38). They act alone, or as catalyzers of a growth 
factor, or as coenzymes (detailed bibliography in Schopfer, 1939). 

Various actions simulating those of growth factors, or inter- 
fering in their study. — The substances which fall in this category 
are not to be underestimated. It has been known since the work 
of Nielsen and Hartelius that the heat used in autoclaving a solu- 
tion of ammonium tartrate and glucose leads to the formation of 
a synthetic factor of the “B group” (Ba ) having the same action as 
that of the natural Ba factor on Aspergillus niger. Thus in heating 
a medium containing a natural substance in which ammonium 
tartrate and glucose are present, one unwittingly can produce a 
substance acting as a growth factor of the type found by Nielsen. 
Recently Dagys (1940) observed the production of the same factor 
upon heating ammonium malate and fructose. This factor was 
also produced by heating sap from birch wood which undoubtedly 
contains malic acid, ammonium, and fructose. Similar observa- 
tions have also been made by Fulmer, Williams and Werkman, 
Fulmer and Huesselmann, Koser, Finkle, Doreman and 
Saunders. 

It is likewise necessary to consider the possibility of destroying 
thermolabile growth factors by sterilization, and also the possi- 
bility of forming inhibiting substances as demonstrated by Miri- 
MANOFF in his work on yeast. The latter substances can lead to the 
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belief that a growth factor is required although this may not be 
the case at all. 

Such inhibiting substances can also be introduced into the 
medium by natural substances used in making the medium. The 
author has frequently observed cases in which the treatment of a 
medium by an adsorbant eliminated the inhibitor and restored the 
favorable qualities of the medium. In this case the improvement 
in the medium was accomplished without adding any growth factor. 
If one is working with a medium which has not been treated by an 
adsorbant and is dealing with an auxo-heterotrophic (heterotrophic 
for growth factors) organism, it is obvious that no effect can be 
produced by the addition of growth factors. 

It has also been observed that grovrth factors may be masked 
by being bound in such a manner that their effects do not manifest 
themselves. A case of this kind involving a combination of factors 
was demonstrated by using yeast as the test object. The factors 
were combined with proteinaceous material, and had to be liber- 
ated by enzymatic splitting before their presence could be 
demonstrated. 

Aside from growth factor deficiencies, the causes which are 
responsible for failures to obtain growth may be summarized as 
follows : 

In the case of auxo-autotrophic organisms: 

1) a medium sufficient in all respects containing: 

a) preformed inhibiting substances. 

b) inhibiting substances formed during the preparation of the 
medium. 

2) a medium insufficient because of conditions preventing the synthesis 
of growth factors. In this case the organism becomes conditionally 
auxo-heterotrophic. 

In the case of auxo-heterotrophic organisms: 

a) growth factor masked by being adsorbed or bound. 

b) inhibiting substances, preformed and not removed. 

c) inhibiting substances formed during the preparation of the me- 
dium. The inhibiting substances referred to under b) and c) 
interfere with metabolism in a general manner. 

d) substances which inhibit specifically the eifect of the growth 
factor. 

e) growth factor destroyed during the preparation of the medium. 

This list of causes for lack of growth is applicable to both micro- 
organisms and higher plants growing on either synthetic or natural 
media. 

In order to identify a substance as a true growth factor it is 
necessary to proceed as follows: 

1) Observe that a given organism grows well on a medium composed of 
natural products. 

2) Observe that the organism does not grow on a synthetic medium purified 
as much as possible. 

organism can be made to grow satisfactorily on such a 
Jiigiily purified medium by adding a very small quantity of a natural 
substance such as fruit, milk, extracts of plant or animal organs, or by 
adaing some product such as sugar containing an impurity despite its 
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reputation to the contrary. The amount of active material should appar- 
ently be too small to furnish energy or ordinary plastic material. 

4) Concentrate the active factor contained in the natural or contaminated 
substance, eliminating such products as fats, sugars and proteins and 
thereby ruling out the possibility of their action. 

5) Eliminate carefully all physico-chemical factors (pH, rH, surface tension, 
viscosity, etc.) capable of inhibiting the culture and likely to lead to the 
false assumption of the absence of a true growth factor. 

6) Devote particular attention to the mineral substances. The ash of the 
concentrate must be proved inactive. This is important but not conclusive 
since the mineral element might act only in conjunction with an organic 
material destroyed during incineration. Only after the above steps have 
been completed is it possible to proceed with the purification and isolation 
of the active substance present in the concentrate. The final step required' 
to complete the investigation is to determine the mechanism of action of 
the active substance. 


It must be proven conclusively that the organism is completely 
and definitely auxo-heterotrophic. As already seen (p. 20), it is 
possible to have conditions which make an organism appear com- 
pletely auxo-heterotrophic although it is actually able to synthesize 
its own growth factor or factors if properly cultured. In this 
connection the possibilities for research are unlimited. In the 
case of an organism which can not be cultivated under any of a 
thousand different conditions, it is difficult to determine whether 
there might still be one set of conditions under which the synthesis 
of growth factors might be possible. 

Sources of growth factors. — Several methods of approach 
are possible in studying the sources of growth factors. 

^ Chemically impure products. — In 1930-31 the author found 
that the only sugar capable of producing growth of Phycomyces 
Blake sleearius on a synthetic medium was a certain brand of 
maltose (Kahlbaum, Berlin). There was no reason to suspect 
maltose itself of being endowed with any unusual properties since 
glucose was known to be ineffective. More intensive investigations 
(SCHOPFER 1931-32) clearly demonstrated that this sugar, although 
sold as chemically pure, contained an impurity of organic nature 
which could be removed by adsorption with animal charcoal. This 
affinity for animal charcoal was responsible for the identification 
of the substance as thiamin (vitamin Bi). It was logical to suspect 
impure saccharose of containing the same substance. By studying 
all the stages of preparation of this sugar, beginning with the sugar 
beet, the author, working with Phycomyces, was able to determine 
the exact stage at which the sugar no longer exhibited activity 
through impurities. Similar observations have been made concern- 
ing the growth of yeast (WiLLAMAisr and Olsen). In the latter 
case the commercial sugar sold in grocery stores proved to be very 
pure. However, successive purifications by means of alcohol 
brought about a progressive decrease in the size of the crop as 
long as any bios factors remained. When these factors had all 
been removed, no further decrease in the crop was obtained. 
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It is necessary to consider impurities accompanying other in- 
gredients used in making up media. Commercial peptone (Orla- 
Jensen, Otte and Snog-Kjaer, 1936) contains growth factors for 
bacteria. The same is true of gelatin (Koser and Saukders, 1938) , 
agar (Robbins, 1939, Robbins and Ma, 1941), and even crude 
cotton frequently used as plugs for culture flasks (Schopfer and 
Rytz, 1937). Ordinary asparagine contains impurities (bios?) 
favoring the growth of flagellates (Lwoff and Dusi) . 

Substances furnished by another organism, — Cases of uni- 
lateral stimulation of one organism upon another, or of reciprocal 
stimulation of two organisms (artificial symbiosis, Mxjelber and 
Schopfer, Kogl and Fries) have frequently led to the discovery 
of growth factors of vitamin nature (see p. 245, Chapter XXIII) . 
The Polyporaceae, in which growth is accelerated by or is dependent 
upon bacterial products, present a typical example of this phe- 
nomenon. This observation led N. Fries (1938) to investigate 
their growth factor requirements which were found to be thiamin 
and bios. This phenomenon is explained by the fact that the 
products of an auxo-autotrophic organism contain the factors 
required by an auxo-heterotrophic one. Cases of this kind are 
frequent in the older literature but they could not be explained 
at the time they were reported. Innumerable cases have been 
reported concerning the acceleration or initiation of growth of 
microorganisms and higher plants by crude yeast extract. 

Extracts of plant and animal organs, — Microorganisms and 
their diffusion products are not the only causes responsible for 
accelerating the growth of auxo-heterotrophic organisms since 
various organs and their extracts are likewise effective. Extracts 
from liver and other animal glands have a marked growth pro- 
moting action on Phycomyces grown on a synthetic medium. In 
general the growth factors of the Mucoraceae can be demonstrated 
in a great number of leaves, stems, and roots, in fact, they appear 
to be ubiquitous and are found in both kingdoms. 

Bios II (biotin) , which is so important for the growth of yeast, 
was originally extracted from egg yolk and not from yeast. It is 
also present in animal tissues. 

Liver extracts furnish Cory neb act erium diphtheriae with an in- 
dispensable growth factor which has been identified as pimelic acid. 
It can also be extracted from cows' urine (MtjelL/ER, 1937). 

The situation is similar in respect to factors X and V which 
are required by the hemophilic bacteria and are normally supplied 
by blood. These factors were first found in plant and animal 
extracts. 

In later chapters in which the various groups of organisms will 
be discussed, there will be occasion to point out the original as well 
as other sources of the growth factor involved. The abundant in- 
formation now available on the vitamin requirements of plants 
permits a detailed treatment of the subject. This discussion will 
be followed by a consideration of the mechanism of the action of 
growth factors. An understanding of the mechanism will permit 
a more precise definition of these substances. 
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The preparation of concentrates and the isolation of growth 
factors. — After the plant or animal material has been chosen and 
the extraction has been completed, the next step is to concentrate 
"the active substance into smaller and smaller volumes. The final 
step is the isolation of the growth factor in chemically pure crys- 
talline form. Although this is the work of a chemist, the biologist 
can proceed until a highly active concentrate is obtained. 

It is impossible to summarize here the methods of preparation 
for all growth factors. Certain general methods of separation fre- 
quently employed in a number of techniques may, however, be 
discussed at this time. A very serviceable method is that of adsorp- 
tion. Adsorption by animal charcoal when applied to a crude 
aqueous extract permits the separation of various water soluble 
factors of the “vitamin B group’^ Likewise, adsorption with 
Fuller's earth at a pH of 4.62 leads to the separation of thiamin. 
These techniques permit the biologist to prepare concentrates with 
which he can work (see Strain, 1942) . 

Precipitation reactions permit the separation of active sub- 
stances from a large mass of inactive material. 

The work must be quantitative in every respect. If possible, 
each step in the preparation of the concentrate should be accom- 
panied by an assay of the exact amount of growth factor contained 
in the extract or the concentrate. These operations always result 
in a loss of the growth factor and the final yield is often as low 
as one or two percent. 

Even when working with an impure substance its general 
properties can be determined: various solubilities, ultrafiltrability, 
diffusion, and resistance to dry or moist heat, autoclaving, acids, 
bases, and oxidizing agents. For a long while these general 
properties were used to distinguish the groups of active substances. 
We still speak of the “B substances'' of Nielsen which are dis- 
tinguished from the “A substances" (auxins) by means of their 
solubilities, the former being soluble in water, the latter soluble 
in ether and water. The “B substances" can be subdivided into two 
groups, Bi and Ba, on the basis of oxidation and adsorption. These 
general characteristics usually do not permit the identification of 
growth substances, but they are helpful in guiding the investigator. 

One method by which a growth factor can be identified is to 
concentrate and isolate the active substance. To date this method 
has resulted in the identification of only a few growth factors. For 
example biotin was concentrated and isolated in crystalline form 
by Kogl and Tonnis (1936). In a similar manner nicotinic acid 
and its amide were identified as growth factors by Knight by the 
action of their concentrates on Staphylococcus aureus. In most 
cases growth factors cannot be readily isolated and identified in 
this manner, and an indirect method must be employed. The active 
substance is concentrated and the characteristics of the concen- 
trate are compared with those of chemically known substances. The 
latter with characteristics similar to those of the concentrate are 
tested at random to determine whether any of them have the same 
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growthL promoting activity as the concentrate. Sometimes a known 
substance is found with the same activity as that of the unknown 
factor and thereby its identity is established. The latter method 
was employed in the identification of thiamin as the active factor 
for Phycomyces Blakesleeanus, The characteristics of the sub- 
stance in Kahlbaum’s maltose (p. 25) was such that it led unmis- 
takably to the group of ‘Vitamin B substances"" which were still 
incompletely known in 1931. When crystalline thiamin (Winbaus 
et al.) became available the first tests with it showed very definite 
activity on Phycomyces. In this case the method of procedure was 
purely intuitive and the pure active substance (thiamin), which 
was used by chance, was not proven to be present in the active 
concentrate. Even today there is no definite proof that thiamin 
or its components were present in the samples of Kahlbaum"s 
maltose. The important thing is the finding of a growth factor 
of vitamin nature with the same activity as that of the concen- 
trate and the ability to replace it completely. 

We have already mentioned the fact that most organisms re- 
quire several growth factors. In a few cases, however, a single 
growth factor suffices and its action is able to replace completely 
that of a natural substance (milk, extracts of organs, of fruit, 
etc.) or a concentrate thereof. Sometimes a factor permits only a 
very weak growth as compared with that produced by a natural 
substance indicating that other essential growth factors or nutri- 
ents are present in the natural product. Suppose we consider a 
theoretical case involving such an organism on which a single 
isolated growth factor has only a limited effect. The cultural con- 
ditions are optimal, hence it is certain that the substances which 
are lacking are growth factors. Yeast is a typical example of an 
organism illustrating this phenomenon. In order to study such 
an organism the products eliminated during the isolation of the 
first factor must be investigated. If this factor was removed by 
precipitation it is necessary to study the other factors remaining 
in the liquid in which the crystallization occurred ; if the first factor 
was removed by adsorption the investigations must be continued 
with the filtrate of the adsorbate. Before attempting to identify 
the factors present in the filtrate the activity of the latter must be 
verified. This may be done as follows : the amount of growth 
produced by the natural substance added to the basal medium is 
observed and designated as 10 ; the amount of growth produced by 
the basal medium plus the first factor isolated from the adsorbate 
is given a comparative rating, for example 2 ; the activity of the 
first isolated factor plus the filtrate of the adsorbate is then ascer- 
tained. If these two fractions have the same activity as the natural 
substance their rating becomes 10, proving that other factors are 
present in the filtrate. Yeast extract is a good example of a natural 
substance containing a multiplicity of factors. The standard solu- 
tion (impure yeast extract), added to the basal medium, and 
supplied to a culture of yeast produces a growth curve representing 
the maximal development of this organism. When inositol alone 
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is used a much, poorer growth is produced. Other factors when 
used singly likewise have a very low growth promoting activity. 
On the other hand, the combination, inositol + biotin, gives a 
curve approaching that of the standard solution. Upon the addi- 
tion of a third factor, thiamin, the curve obtained becomes more 
nearly like, but not identical with, that of the standard. In this 
particular case it can be assumed that almost all of the growth 
factors required by yeast have been ascertained (see p. 132). The 
first factor is only partially active, being limited by a deficiency of 
the second factor. If the second factor is added in sufficient quan- 
tity growth is somewhat increased. At this point the third factor, 
when deficient, becomes a limiting factor. If this factor is supplied 
in sufficient quantity growth is increased still further. Thus it is 
possible to go as far as a fourth or fifth factor. A difficult case is 
represented by the formation of roots on etiolated cuttings of Pisum 
on which the number of roots produced increases as the complex- 
ity of the constellation of growth factors is increased : 
saccharose < saccharose -1- auxin < saccharose + auxin + bio- 
tin < saccharose -h auxin H- biotin 4- factor X (C/. Went and 
Thimann, 1937). Factor X represents the undetermined sub- 
stance required for the maximum production of roots. 

The two cases described above are relatively simple in that the 
individual factors of the constellations have an additive effect. In 
other cases, the factors when used singly have practically no effect, 
and it is necessary to use combinations of two or three factors in 
order to obtain any appreciable amount of growth. A case some- 
what similar to this is illustrated by PhycoTnyces in its vegetative 
development and formation of zygotes, the former requiring only 
one growth factor, the latter requiring a combination of factors. 
The vegetative development produced by thiamin is almost as good 
as that produced by a natural substance such as yeast extract, but 
thiamin is unable to provide for the maturation of zygotes. It lacks 
something. Robbins has shown that this ‘‘something’' is found in 
agar or in potato tubers from which it can be extracted by pyridine 
or methyl alcohol. The methyl alcohol extract alone is ineffective 
in producing zygotes; it must be used in conjunction with thiamin 
in optimal dosage. The author has confirmed RoBBlNS' results. 

Nematospora Gossypii, studied by Kogl and Fries, is another 
example of an organism on which growth factors are only slightly 
effective when used singly. Inositol, biotin or thiamin alone have 
only a very weak effect. On the other hand, inositol and biotin 
when used together, are far more effective than when they are 
added separately. Additional activity is produced by adding thia- 
min to the combination inositol 4- biotin (p. 134) . 

All degrees of intergradation occur between the two cases, i.e., 
factors having strictly additive action and those having no activity 
except when used in combination. 

In closing this technical and didactic discussion, it is well to 
remember that a mere tabulation of results is unsatisfactory unless 
the reader learns how the data were obtained. 
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Measurement of the action of growth factors. — For pre- 
liminary work a qualitative estimate of the activity of a growth 
factor made by observation is sufficient; later, however, it must 
be supplemented by an accurate quantitative measurement. It is 
important to establish the ratio between the dry weight of the crop 
and the weight of the vitamin. When the investigation concerns 
the growth of higher plants the lengths of shoots, roots and leaves 
serve as useful criteria. However, the better criterion of growth 
is always the dry weight obtained by desiccation at lOS^C. Of 
course, one must be sure that the desiccation does not entail any 
destruction of material in the organisms studied. For the uni- 
cellular microorganisms and particularly the coenocytic organisms 
such as the mucoraceous fungi, the determination of the dry weight 
is absolutely necessary. This means of measuring growth is often 
difficult in the case of unicellular microorganisms and it is per- 
missible to measure their growth by means of a nephelometer or 
by counting the number of cells formed. Various types of nephel- 
ometers have been proposed. Lange's model, employing a photo- 
electric cell, is very serviceable and can be used to measure the 
growth of cultures in small quantities of media {cf. Milatz and 
Rottier) . It must be remembered that the relationship between 
the nephelometric values and the weight of the living matter con- 
ditioning the opacity of the medium is not always exact. The 
absorption of light depends not only on the quantity of cells present, 
but also on their color, their opacity, and the reserve material 
which they contain. The author, working with Rhodotorula rubra, 
has found good agreement between the weight of cultures and 
the nephelometric values obtained by various dosages of growth 
factors. Although the nephelometric values are not always abso- 
lutely quantitative they still have relative value and can be used 
to follow the growth of a culture. In coenocytic organisms such 
as the mucoraceous fungi with their compact structure, the only 
reliable criterion for growth is the dry weight of the culture. Uni- 
cellular microorganisms present two distinct phenomena, i.e., an 
increase in the amount of dry matter and an increase in the number 
of cells. Sometimes these two phenomena proceed simultaneously 
but need not do so necessarily since they are conditioned by differ- 
ent factors. Consequently it seems desirable in microorganisms 
to determine both the dry weight and the number of cells produced. 

Growth curves. — It is possible to determine both the amount 
and the rate of growth and to construct respective growth curves : 
1) One is a growth curve based on time. The same amount of 
vitamin is used in all of the experimental flasks ; it may be opti- 
mal or otherwise. At regular intervals a culture is harvested and 
weighed. 2) The other type of curve shows the relation between 
the amount of growth produced and the amount of vitamin sup- 
plied. Each experimental flask contains a different amount of 
vitamin. After the cultures have completed their development 
their weights are determined. This type of curve demonstrates the 
optimal vitamin dosage, i.e., the least amount for maximal 
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growth. It is represented on the curve as a maximum beyond 
which further additions of the vitamin are ineffective. In all 
experiments which are conducted properly both types of curves 
rnust be prepared. It is evident that these curves are also func- 
tions of the composition of the medium, A complete study implies 
that they have been constructed on the basis of several different 
cultural conditions. The optimal dosage of a growth factor 
naturally depends on numerous chemical and physical factors: 
composition of the medium, depth and surface area of the medium, 
the shape of the vessel, etc. This optimum is of value only when 
the conditioning factors are known as far as possible. The princi- 
pal task of the biologist is the determination of the optimal dos- 
age under conditions which are such that the growth factor is 
utilized to the fullest extent. In other words, this optimum must 
be such that it is the quantity of the growth factor which plays the 
role of the limiting factor (see Phy corny ces, p. 102). Whenever 
possible, it is desirable to construct a three-dimensional graph 
showing the weights obtained at the ends of various growth periods 
with various dosages of the growth factor. Such graphs are highly 
instructive. They have been prepared by van Hasselt for yeast, 
by SCHOPFER for Phycomyces, and by Schopfer and Blxjmer for 
Ustilago violacea. They are valid for any given set of conditions. 

Other methods of determination. — Other criteria of growth 
can be utilized. The rate of respiration determined by the evolu- 
tion of CO 2 has been used for yeast. The nitrogen assay has been 
employed by J. H. Mueller et al. to measure the growth of cultures 
of Corynebacterium diphtheriae. Such methods must, however, be 
used with discretion. They take into consideration only one func- 
tion, which often has only an indirect relationship to the growth 
factor, resulting in misleading figures. The ideal method of deter- 
mining growth would be to measure only the function directly 
related to growth. Since the function of a growth factor is that 
of a coenzyme the ideal method would necessitate the accurate 
measurement of the enzymatic reaction in relation to this coenzyme. 
Since this is often difficult or impossible it is preferable to use the 
dry weight as an expression of the rate of all vital functions. 

In closing this chapter it is w’ell to point out that the deter- 
mination of the relationship, weight of crop / weight of growth 
factor, should be carried out under as precise a set of conditions 
as possible (see p. 111). 
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CLASSIFICATION AND DEFINITION OF 
ACTIVE SUBSTANCES. 

Classification^ terminology, and synonymy. — The classifica- 
tion and nomenclature of growth factors are indeed difficult 
subjects to handle. At present it is impossible to construct a ten- 
able system of classification of active substances since our informa- 
tion concerning their chemical nature, function, and mechanism of 
action is still quite incomplete. Despite this lack of knowledge, 
various authors have attempted to arrange the active substances in 
a more or less logical and valid system. Hence it is desirable to 
bring these classifications together, to define the various terms and 
establish their synonymy. 

Vitamins and Hormones. — According to the classic defini- 
tions, a vitamin is a substance with catalytic action which is indis- 
pensable to animals. Since it cannot be synthesized by animals 
and must be furnished by plants, its origin is exogenous as far as 
animals are concerned. By comparison, a hormone is a product 
of animal metabolism, also effective in very small amounts, pro- 
duced by special endocrine glands and active on the organism itself 
in a very specific manner. In its relation to animals a hormone 
is thus endogenous in origin. Since specific animal hormones, 
estrone (theelin) , are synthesized in appreciable quantities in plant 
tissues where they certainly must play a role, and vitamins like- 
wise participate in the metabolism of those plants in which they 
are formed, this distinction is obviously untenable. These defini- 
tions which originated in the field of animal physiology can not be 
used in the field of general physiology. 

All definitions proposed so far have been designed principally 
to distinguish the active substances (‘‘Wirkstoffe^O from ordinary 
nutrient materials. This distinction is not always easy to make, 
because the mineral elements are, in the last analysis, comparable 
with the active substances of organic nature. They (Zn, Mn, Mo) 
activate the metabolism of aerobic and anaerobic bacteria and like- 
wise participate in the metabolism of higher plants. Manganese 
by itself acts as a coenzyme and, as we know now, the mineral sub- 
stances which are active in small dosages are undoubtedly related 
physiologically to vitamins. Zinc is a co-factor of certain organic 
growth factors. VoN Euler (1930-32) and Mittasch (1936) place 
all of the highly active substances, organic and inorganic, in one 
group and call them hio catalyzers. This term is very appropriate, 
but its scope is too wide. More recently voN Euler (1938) pro- 
posed for vitamins and hormones the term ‘"ergone” to be used in 
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all cases in which it is not easy to distinguish between these two 
categories of substances. In order to understand the nature of 
“ergones"' it is necessary to consider the constitution of enzymes. 

An enzyme is now known as a complex substance made up of a 
colloidal protein ^‘carrier” (“apoenzyme’% ‘‘Trager’’) and an active 
group (the ‘‘prosthetic"’ group, “Wirkgruppe”, or coenzyme) : 

Holo enzyme ^ coenzyme H- apoenzyme. 

A certain degree of dissociation and equilibrium exists between the 
coenzyme and the protein “carrier”. The active group has been 
identified chemically for a few enzymes, e,g., thiamin is the active 
group in co carboxylase. The coenzymes must therefore be con- 
sidered as equivalent to “ergones”, which will be designated as 
"‘ergozymes"^ because of their enzymatic nature. The “ergozymes” 
include the vitazymes and hormozymes. These terms designate 
the vitamins and hormones which function as coenzymes and must 
be combined with the proper “carrier"^ in order to become active. 
The main object of this classification is to connote the dynamic 
nature of these substances. Vitazymes and hormozymes move in 
a cycle in the organism, that is, they are liberated from the 
“carrier” and are recombined with it whenever necessary. Ammon 
and DmsCHELr (1938) used the term ergines to include the sum 
total of the active substances and subdivided them into two groups : 
1) the erg ones (vitamins and hormones of voN Euler) , acting on 
living systems, and 2) the enzymes, activating chemical reactions 
and acting on non-living systems. The ergones are stimulants 
(Reizstoffe) , while the enzymes are catalyzers. Typical vitamins 
act as coenzymes and are effective only in vivo, whereas the cata- 
lytic action of an enzyme occurs in vitro. This system of classifica- 
tion is purely artificial and is not very satisfactory since it is diffi- 
cult to distinguish between living and non-living systems and to 
separate stimulants {Reizstoffe) from enzymes (catalyzers) on 
that basis. Mittasch (1936) examined the nature of catalyzers 
and stimulants {Reizstojf e) , The distinction could be maintained 
-only as long as “Eeizstoffe” were considered as having certain 
physiological characteristics, i,e,, a “Reizstoff” was the unknown 
substance, acting in small amounts and initiating or conditioning 
a physiological process in a living system. Many of the substances 
formerly known as Reizstoffe are now actually chemically known. 
Some years ago the most that could be said was that a micro- 
organism did not thrive on a synthetic medium unless a specific 
stimulant was present, which alone was capable of initiating 
growth. This stimulant lost its mysterious nature when it was 
learned that thiamin, for example, could function in that capacity, 
i,e., as the coenzyme of carboxylase, and now we simply say that 
an organism which has lost its capacity to synthesize this coenzyme 
must have it supplied as a growth factor. Coenzymes, which ac- 
cording to the definition must act on non-living enzymatic systems, 
are indispensable to living organisms. Janke (1939) made the 
same mistake as Ammon and Dirschel in attempting to distinguish 
between ergones and enzymes by claiming that the former act on 
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living protoplasm. This distinction is entirely erroneous. On the 
basis of the above analysis we arrive at the following outline: 

inorganic: Mn, Zn, Mo, etc. 


biocatalyzers 


. organic (ergines) : enzymes 

r vitamins 
ergon es S 

hormones^ 

This classification has the advantage of including all of the phe- 
nomena of biological catalysis. We shall return to it later. 

Other classifications. — G. K. Link, H. A. WiLCOX and A. D. 
Link (1937) proposed the term auxone. Thus we would have 
autoauxones, if the substances are synthesized by the organism 
(auxoautotroph) , and heteroauxones, if the substances must be 
supplied because the organism is unable to synthesize them (auxo- 
heterotroph) . In contrast to the preceding classification, this one 
is strictly physiological and based solely on the capacity of the 
living cell for synthesis. So far this classification has been used 
very little. 

Von Euler (1932) proposed the sj^bol BP for all water sol- 
uble factors required by plants (vitamins of the B group) on the 
assumption that the growth factors of microorganisms and plants 
are related to vitamin Bi. This symbol was never used extensively 
and lost its significance when it was found that the factors called 
BP were not specific for plants but were, for the most part, ubi- 
quitous and universal catalyzers. 

In 1937 Nielsen and Hartelius proposed the following classi- 
fication, based on both chemical and physiological characteristics : 

1) the ether soluble substances acting as hormones on the A-vena, coleoptile, 

i.e., the auxin group — the “A substances”; 

2) the water soluble substances acting as grovhh factors for microorganisms' 

— the substances”; 

a) substances destroyed by oxidation (under the conditions described by 
the authors), capable of adsorption by animal charcoal, and acting 
in the absence of co-factors — substances”; 

b) substances not destroyed by oxidation (under the conditions described 
by the authors), incapable of adsorption by animal charcoal and 
requiring a mineral co-factor (Zn), growth factor for Aspergillus 
riiger and other fungi — “Ba substances”. 

The choice of the symbols Bi and Bg was rather unfortunate since 
these letters had already been used for vitamins and were intro- 
duced in this new sense without discussion. Furthermore, no clear 
distinction was made between true growth factors and products 
acting in relatively high dosages like the Bg factors. For Asper- 
gillus the Ba factor can be replaced by 1 mg. of pyruvic acid + 0.3 
mg- glycolic acid 4- 10 mg. glyoxalic acid. This classification sum- 
marizes very nicely the numerous investigations of Nielsen and 

'‘Ergozymes, vitazymes, and hormozymes in case they are considered in 
accordance with -their functions and the relationships between them. 






-.his school as well as those of Dagys but it is not suitable for gen- 
eral application. 

The first International Conference on Phytohormones (1938) 
realized the need of a standard system of classification and sub- 
mitted the following : 


A. The auxin group 

1 ) Phytohormones 

auxin a 
auxin b 

auxin a lactone 
heteroauxin 

2) Substances with similar activity but not found in plants 3-indol 

acetic acid) 

B. The bios group 

1 ) Phytohormones 

biotin 

thiamin 

estrone (theelin) 
factor Z of fermentation 

2) Specific nutritive substances 

i-inositol 
y?-alanine 
pyruvic acid 
glyconic acid 

The major divisions (A and B) which correspond to those of 
Nielsen and his collaborators, are suitable for continued usage. 
On the other hand, the term phyfohormone which had already been 
proposed by Went, Kogl and Koningsbekger is not a logical one. 
The intention was that the term phytohormone should designate 
the endogenous substances acting on plants and help distinguish 
them from the exogenous substances with similar activity. More- 
over, since biotin and auxin are found in animal tissues (their 
function in animal metabolism is still unknown) it would be neces- 
sary in these cases to speak of zoohormones. According to this 
usage the term hormone is employed for both thiamin and auxin 
although their modes of action and physiological functions are 
entirely different. It is impossible to give the term hormone such 
a broad meaning without excluding the vitamin concept from this 
classification. 

It should be noted that this classification makes no mention of 
any substances acting in minute dosages by which vitamins might 
be distinguished from nutrients with specific action which act in 
relatively large amounts such as pyruvic, glycolic, and other acids, 
as well as -i-inositol. 

It is surprising to hnd substances such as ^-alanine which, 
according to Lash Miller, functions as bios Ila, and is effective 
in small dosages (a few gammas), and also acts in conjunction 
with other bios substances. Since all of its characteristics are 
those of a true growth factor, it is impossible to consider this sub- 
stance as a specific nutrient. 

Factor Z of voN Euler and Philipson, which accelerates fer- 
mentation and which is distinct from cozymase, although enzymatic 
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in nature, is classified here with the phytohormones. This also 
seems untenable. 

Thus the classification proposed in 1938 by the International 
Conference on Phytohormones, represents the status of the prob- 
lem of growth substances at the time it was made. The terminology 
does not seem logical and apparently it will have to be abandoned. 

Mason (1939), adopting the concept of Huxley, published the 
following classification of active substances : 

Activators 

A noncommital term for those chemical substances produced by the or- 
ganism, which exert specific functions in regard to correlation or differentia- 
tion. 

A. Local Activators 

1. Intracellular OrCtivators 

a. Substances produced by genes and causing the cells which produce them 
to differentiate in a specific manner. 

5. Substances responsible for sex characters, eye color, etc., in certain 
insects. 

2. Regional activators 

a. Substances which predetermine specific regions in the embryo; e.g., 
limb disc, parts of eye rudiments. 

6. Substances responsible for growth gradients. 

B, Distance Activators 

3. Diffusion activators 

a. Direction of diffusion unrestricted — 

e,g,f Numerous growth factors necessary for yeasts, molds, protozoa, 
and bacteria. 

c.y., Molting hormones of insects. 

e,g.y Pigmento-motor neurohormones of fishes. 

b. Direction of transport restricted by structural organization — 
e.g.y Growth hormones of higher plants. 

c. Action restricted to contiguous tissues — 

e.g.. Organizer substances of vertebrate embryo. 
e.g., Lens-inducing substance of optic cup. 

d. Action restricted by specific means — 

e.g.. Neurohormones of higher vertebrates. 

4. Circulatory activators 

a. Hormones as originally defined. 

b. Vitamins. 

Par a- A ctivators 

By-products of metabolism, with effects on correlation or differentiation, 
e.g., carbon dioxide, histamin, etc. 

The above classification is essentially that proposed by Huxley 
( 1935). It does not employ fundamentally important criteria {e.g., 
the mechanism of action) in distinguishing the major groups, hence 
it is highly artificial and is not likely to enlist many followers. 

This review covers the principal classifications and concepts 
employed or proposed up to the present. 

The author would like to eliminate the term phytohormone but 
would like to conserve the concepts of hormones, vitamins, and 
growth factors, since these terms have become well established 
through usage. The term growth factor is of value in its original 
sense as an accessory growth factor because it preceded the term 
vitamin. Either term can be used regardless of whether the source 
of the substances is endogenous or exogenous. Actually the source 
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of a substance is of no value whatever as a criterion for classifica- 
tion. A better criterion, and the principal one used in the author's 
system of classification, is the general mode of action. Thus the 
fundamental criterion is a physiological one. We shall no longer 
consider a substance by itself but instead its action and the nature 
of the effect produced (Schopfer, 1937). 

Any action will be considered as Kormonal if the substance in 
question acts, in the final analysis, specifically on the morphology 
of the organism. The term hormone is therefore applicable to 
auxins and other substances with similar action. 

An action of vitamin nature is, in the main, concerned with 
intermediate metabolism. Vitamins favor or condition an action. 
They are concerned with the nutrition of the cytoplasm and partici- 
pate in its growth. They do not act, in the final analysis, in a 
specific manner on the form of the plant. 

The author proposes the following scheme of classification : 

Example 


I. Pseiado-growth-factors of mineral nature. 

Various physico-chemical actions Zinc 

II. Growth factors (in the strict sense of the 
Active substances term) of vitamin nature, acting on meta- 

(^'VV'irkstoffe'’ holism and on the growth of cytoplasm 

biocatalyzers) (vitamins and vitazymes) Thiamin 

III. Factors of hormonal nature, in the final 
analysis acting in a specific manner on 
the morphology of the organism (hor- 
mones and hormozymes) Auxin 


Group I includes all the mineral substances with catalytic and 
“oligodynamic” action such as Zn, Mn, Mo, and Cu. Some of these 
are able to function as co-factors of growth or act in conjunction 
with co-factors, thereby participating in enzyme systems. 

Group II includes all the vitamins whose action has been dem- 
onstrated in plants. This would include the “B substances” of 
Nielsen and some of the “BP substances” of voN Eller. The 
vitazymes should be listed here if it is desirable to emphasize their 
function as coenzymes. Other factors belonging in this group are 
factor Z of fermentation and the bios substances which cannot be 
designated as formative substances. 

Group III includes chiefly the auxin group of substances. 

Certain substances are hard to classify in this system. Estrone, 
for example, is of doubtful position since little information is avail- 
able concerning the mode of action of this animal hormone. Should 
it be found to have a general action on assimilation it would belong 
in group II with the vitamins. On the other hand, should its 
specific morphogenic action, e.p., on the formation of flowers, be 
confirmed it obviously would belong in group III with the hor- 
mones. Thus it is difficult to present a definitive classification of 
these substances since our knowledge concerning them is still in- 
complete. The author, however, believes that it is advantageous to 
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retain the classical terras hormone and vitamin with slightly modi- 
fied meanings by placing the emphasis on the physiological criterion. 

The substances to be discussed in this book are mainly growth 
factors of vitamin nature. 

Definition and characteristics of growth factors- — The study 
of the capacity for synthesis and its loss served to introduce 
the problem of vitamins in relation to plants, whereas the discussion 
of the various systems of classification familiarized us with the 
different concepts and definitions. The author will now attempt 
to define the term growth factor from his point of view (SCHOPFER, 
1939 a and Z>). 

First characteristic: The need of a growth factor arose from a 
loss of capacity for synthesis as amply discussed in the preceding 
chapter. This character, however, does not suffice to define 
satisfactorily a growth factor of vitamin nature since the loss of 
capacity for synthesis can affect substances other than vitamins, 
e.g., specific nutrients or even ordinary nutrients. Thus a com- 
pletely heterotrophic plant has lost its capacity to synthesize its 
sugar and also its growth factors. A. LiWOFF (1938) proposed the 
loss of capacity for synthesis as the sole criterion for a growfh 
factor, but the author does not agree with him on this point, since 
this criterion, although essential, is insufficient for a complete 
definition. 

Second characteristic: A true growth factor of vitamin nature 
is organic. Thus chemical elements and substances of mineral 
nature are excluded (see p. 21). 

Third characteristic: A characteristic essential to our concept 
is the so-called “catalytic’’ action of very small dosages, improp- 
erly referred to as “oligodynamic” action. It is difficult to set a 
definite upper limit for the dosage of a growth factor beyond 
which it becomes a nutrient ; it is sufficient to say that the maximal 
dosage is small. At any rate this characteristic is a justifiable 
one. It can be expressed by what we call the “economic coefficient” 
of a growth factor, i,e., the ratio between the weight of the crop 
obtained by the use of a definite quantity of growth factor and the 
weight of the growth factor (weight of crop / weight of growth 
factor). Examples of “economic coefficients” for thiamin are as 
follows : 

Phy corny ces Blahesleeamcs .... 200,000/1 (from Schopfeb) 

Rhodotorula rithra 200,000/1 {id.) 

Ustilago violacea 2,500,000/1 (from Schopfer and Blumer) 

PoLyporus adustus 380,000/1 (calculated from the results of 

Kogl and Fries) 

Cercosporella herpotricho'ides 433,000/1 (from Depago) 

(For the algae see Ondratsghek, 1940). 

Although these figures give a certain impression, the determination 
of this coefficient is not as easy as it would appear since it involves 
certain theoretical difficulties. The “economic coefficient” is of 
value only when it is obtained under a well established set of con- 
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ditions. Failure to recognize this fact has resulted in the publica- 
tion of ratios which are not comparable. This subject will be dis- 
cussed at greater length later on after the reader has acquired 
some additional information pertinent to a better understanding 
of it. 

The "economic coefiicient*% e.g., weight of culture / weight of 
vitamin, is particularly difficult to interpret when based on a 
limited number of cases. This is especially true when the substance 
in question is intermediate between a true growth factor and a 
specific nutrient required in relatively large dosage, e,g., inositol. 
In order to classify such a substance it is necessary to resort to 
other characteristics of growth factors. Janke (1939) introduced 
the concept of micronutrients for substances which act in small 
dosages as plastic material in the construction of cytoplasm. These 
are likely to be mistaken for true growth factors because of their 
activity when present in traces. The term is a very fortunate one ; 
however, it merely conceals and does not explain a difficulty which 
such substances present. Nevertheless, it is generally conceded 
that certain growth factors are able to function as 'micron'wtrients 
("Spurenbausteine'% trace nutrients). 

Fourth characteristic'. Quantitative action. The activity curve 
of a growth factor begins by rising uniformly (almost a straight 
line) as the dosage is increased until an optimum is reached; at 
this point there is a sharp bend, beyond which there is no rise, at 
least theoretically, with increased dosage. 

Fifth characteristic: Marked specificity of action tied up with 
the chemical constitution. This is one of the most interesting 
aspects and one of the most imix>rtant characteristics of growth 
factors. In some cases the specificity of action is so pronounced 
that a single substitution in one of the important positions com- 
pletely nullifies the growth promoting (auxogenic) action of the 
growth factor. Such marked specificity of action is explained by 
the fact that a growth factor is actually a constituent of an enzyme, 
i,e., a coenzyme or a fraction of a coenzyme. 


ANALOGUE OF THIAMIN 


\ 


C-CH^- 


H 


NH2 


HC^ — CH2 CH20H 


OH y/' — CH^ CH^OH 


ACTIVITY ON PHYCOMYCES=I00 5< 


ACTIVITY ON PHYCOMYCESsO 


This specificity of action is subject to variation, as will be seen 
during the course of this study. 

Other characteristics will be brought to the attention of the 
reader later. Meanwhile, it is sufficient to know that a growth 
factor of vitamin nature such as will be studied in this book is an 
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THE PRINCIPAL VITAMINS SYNTHESIZED 
BY PLANTS. 

This chapter is designed to orient the reader and prepare him 
for what is to follow. It consists of a brief enumeration of the 
principal vitamins synthesized by plants and is in no way a 
duplication of the detailed treatment on vitaminology found in 
subsequent chapters since it gives only the chemical structure and 
distribution of these vitamins. (C/. VoGEL, 1940). 

Fat soluble vitamins. 

Unsaturated alcohols:’- 

Vitamins Ai and Polyene derivatives. — These vitamins 
are of interest to botanists for the present only because of their 
provitamin, carotene. Although plants do not seem to be able to 
synthesize the vitamin itself, they are able to synthesize the pro- 
vitamin. The carotinoids correspond to the former lipochromes 
of Krukenberg, so named because of their solubility in fats and 
because of their yellow color. The great majority of the yellow 
pigments of the plant world are carotinoids, and in this respect 
there is no difference between the cryptogams and the phanerogams 
or between plants and animals. Provitamin A is an unsaturated 
hydrocarbon, carotene. It occurs in the form of a-, (B-, y-carotene 
with the empirical formula C4oH56* ^-carotene contains two /?- 
ionone groups and is a symmetrical compound, whereas the and 
y-carotenes are asymmetrical and contain one jG-ionone group and 
an isoprene chain. The activity as provitamin is dependent upon 
the JB-ionone group, i.e., the position of the double bond. The split- 
ting of the molecule of ^-carotene is effected by animals according 
to the following equation: 


CW, CHi 

II 


HaC, 


V"* 

Ha 


CH, 



1=CH— CH=C — CH==CH— CH=C— CH»CH— '\:h, 
I I 11 I 

CH, CH, I I 


VlTAkJtM* A 


This structure has been confirmed by the synthesis of the perhydro- 
vitamin A (Karrer, More and Schopp). The actual synthesis of 
vitamin A itself has^also been announced (Ktjhn and collaborators) . 
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Dist7%hution of carotinoids. — The plant cell has unusual capac- 
ity for the synthesis of carotinoids. A tissue generally contains 
several carotinoids, which can be separated by the chromatographic 
adsorption method. Animal tests are of no value in distinguishing 
carotene from preformed vitamin A. The Carr-Price reaction 
(antimony trichloride in chloroform solution) is not specific for 
vitamin A since it gives an intense blue color when applied to vita- 
min A, all carotinoids, and polyenes in general. Under certain 
conditions, however, it can be rendered specific for this vitamin. 
Direct spectroscopic analysis permits the determination of total 
carotinoid content or of the individual carotinoids after they have 
been separated by the chromatographic methods of analysis. 

Practically all groups of plants contain carotinoids. They are 
present in the root, shoots, leaves, flowers and fruits of phanero- 
gams. They also occur in abundance in the various groups of 
cryptogams : myxomycetes, phycomycetes, ascomycetes, basidiomy- 
cetes, bacteria, Cyanophyceae, Diatomeae, Flagellatae, Chlorophy- 
ceae, Phaeophyceae, RhodopKyceae, and Characeae, The micro- 
reaction of Molisch (saponification of fats in which the carotinoids 
are dissolved, and crystallization of the pigment) permits the detec- 
tion of the pigment inside the cell where a chemical analysis would 
be impossible. The quantities vpry but may be remarkably high 
in some cases. 


Table III. Carotene content of plants (from Walker, Diss. 


Spinach (dry leaves) 


Beech do. 

Asparagus do. 
Lettuce do. 

Nettle do. 


Caltha palzcstris (flower) 
Maize 

Pisum ( max. ) ^ 

Triticum ( max, ) ^ 


Zurich 1935, modified) 

CarotiTi, g. per 1C 
dry matter 
0.006 
0.00604 
0.0168-0.0533 
0.00311 
0.00928 
0.00322 
0.0002 
0.02643 
0.01814 


g. Ratio of 

xanthophyll/ caroteme 
1:3.58 
1:1.72 

1 : 1.12 , 1 : 1.22 
1 : 1.12 
1:3 
1:8 
1:6.5 


Among the fungi, the phycomycetes have an unusually high caro- 
tene content. This has been known since the time of Zopf (1902). 
PhycoTYiyces BlakesleeaTuus , cultivated under a given set of condi- 
tions, produces carotene in quantities reaching 1.9 percent of the 
dijry weight. The carotene is almost exclusively of the beta form 
as shown by the strong vitamin A activity of the thallus of this 
fungus. Likewise one of the red yeasts, Rhodotorula Sanniei, is 
rich in various carotinoids, and also possesses a strong vitamin A 
activity on animals (TCHANG and P. Chaix) . 

Vitamin A activity has been found in various microorganisms 
and their extracts: Chlorella (Coward), Nitschia closterium (di- 


‘From ViRTANEN. 
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atom) (Jameson, Drummond and Coward, Ahmad), phytoplank- 
ton in general, Chlorococcus (Gunderson and Skinner), Trente- 
pohlia (Lederer), lichens (Edlis, Palmer, and Barnum). It is 
more than probable that these organisms, like Phycomyces and 
Rhodotorula, are rich in carotinoids and do not contain preformed 
vitamin A. 


Sterol derivatives 

D Vitamins {antirachitic vitamins), — This group of vitamins, 
although very important for animal organisms, does not, according 
to present knowledge, play an important role in plant physiology. 
Plants contain certain sterols (phytosterols, mycosterols) , the most 
important mycosterol being ergosterol, C2SH43OH, which occurs in 
yeast. Upon irradiation it furnishes vitamin (calciferol). 
Ergosterol occurs in nature and the artificial vitamin D2 produced 
upon its irradiation was for a long while thought to be identical 
with the highly active natural vitamin D found in animals. How- 
ever, it seems quite probable that the only strongly active natural 
vitamin D is vitamin Ds, the provitamin of which is 7 -dehydro- 
cholesterol. This vitamin is found only in animal tissues where it 
accompanies cholesterol, C25H47OH. The provitamin D4, 22-dihy- 
drocholesterol is not found in nature- On the other hand, pro- 
vitamin Ds which is represented by 7-dehydrositosterol, C20H47OH, 
is found in plants, particularly in soybean oil. Upon irradiation 
it yields vitamin Ds with a slight antirachitic activity. 

D vitamins in the active form do not occur in plants, but they 
can be formed there by irradiation, e,g,, in Azotobacter chroococ’- 
cum. The characteristic of plants rests in the fact that they can 
synthesize the provitamins, particularly ergosterol. Certain micro- 
organisms, such as Azotobacter chroococcum, are able to synthe- 
size provitamin D from a mineral medium ((^reaves). 

This capacity for synthesis is lost in certain flagellates, e,g,. 
Trichomonas sp., for whom the sterols must be supplied as indis- 
pensable growth factors (see p. 181 ). 

Provitamin D2, occurring in yeast as ergosterol, certainly plays 
an important role as a constituent of the plasma membrane but it 
is beyond the scope of this book to consider the function of this 
substance. 


Phenols of the chroman series:- 

Vitamin E (antisterility vitamin, alpha-tocopherol) , — This fat 
soluble vitamin has long been known from its action on animals. 
It has also been known that certain plant organs are extremely 
rich sources of this vitamin. In spite of these facts chemical 
studies of it are very recent and it is just now beginning to receive 
the attention of plant physiologists. In 1936 Evans et al, isolated 
this vitamin in its crystalline form and gave it the name «- and 
j6-tocopherol (C29H50O2). According to Fbrnholts the structure 
of vitamin E is as follows: 
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CH3 



1 

CH3 


This structure has been confirmed by synthesis, carried out first by 
Ej^rer and his collaborators* Starting^ with trimethyl hydro- 
quinone and phytol (phytylbromide) they were able to obtain alpha- 
tocopherol by a condensation process in the presence of zinc chlo- 
ride as catalyzer, the yield being almost quantitative. 

Vitamin E content and distribution. — Vitamin E is widely 
distributed in plants. The content of a few plants is given here 
in milligrams per 100 grams of substance: 


Germ of wheat 30 

Germ of maize 16.4 

Oil of wheat germ 520 

Green cabbage 6 

Lettuce 6 

Banana 0.5 

Yeast (dry) 0.3 


The germ of wheat seed is the best source for the extraction of 
vitamin E. 

Specificity of action of vitamin E. — ^-tocopherol and y- 
tocopherol are slightly less active than ^-tocopherol. The natural 
E vitamins are by no means specific in their action on animals. 
There is a series of simpler compounds which are active when used 
in relatively large dosages. 

Derivatives of naphthoquinone 

Vitamin K ( antihemorrhagic vitamin). — This vitamin which 
is very widely distributed in plants is one of the most recently 
studied. Almquist and Klose have reported that vitamin K activ- 
ity is present in a series of compounds of which the simplest 
is phtiocol (2-methyl-3-hydroxy-l, 4-naphthoquinone) . This com- 
pound, however, is only slightly active. 

The constitution of vitamin Ki, verified by synthesis, confirms 
these views. The structure of this vitamin has been studied 
especially by Doisy and collaborators who have found that it is 
2-methyl-3-phytyl“l, 4-naphthoquinone in the presence of ZnCh. 

It is synthesized by condensing 2-methyl-l, 4-naphthoquinone 
with phytol (phytylbromide). Phytol is one of the precursors of 
vitamin K and also of vitamin E. 
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VITAMIN K, 


A second K vitamin is known, vitamin K 2 , with less activity 
than vitamin K, and differini^ from it in certain properties. The 
structure established by DoiSY and co-workers (Binkley, McKee, 
Thayer, and Doisy, 1940) is as follows: 


H I 

Hc/ ^C-CH3 

1 , ^ . 

HC^ ^C-CH3-(cH=C-CH2 CHJ3-CH=C-CH3 

o 

VITAMIN 


It occurs in bacteria. 


Vitamin K content and distribution. — Plant tissues contain 
much larger amounts of this vitamin than animal tissues do. The 
content of some plants is as follows (expressed in Dam units - 1 
unit corresponds to 0.08 gamma of pure vitamin K (phylloquinone) , 
after Dam, 1938) 


Lucerne 

200-400 

Cauliflower 

400 

Spinach 

500 

Nettle 

400 

Strawberry 

15 

Tomato 

50 


Soybean 25 

Pea 15 

Wheat 3 

Wheat germ 3 

Carrot 10 

Potato 8 


It is interesting to note that the germ of wheat seed contains 
much less vitamin K than vitamin E. 

The specificity of action is rather marked. In addition to vita- 
min Ki and vitamin K 2 , another compound, 2-methyl-l, 4-iiaph.tho- 
quinone, has vitamin K activity, approximately three times as great 
as that of vitamin Ki. Vitamin Ki in turn has twice the activity 
of vitamin K 2 . ^ There are other synthetic substances possessing 
vitamin K activity but the dosages required are relatively large. 
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Water soluble vitamins. 

Heterocyclic nitrogen ring compounds 

Pyrimidine ring:-- 

Vitamin Bi (Antineuritic vitamin, thiamin, aneurine). — This 
is one of the most widely distributed vitamins in the plant king- 
dom. It occurs in the preformed condition in plants which in turn 
supply it to animals. It was the first vitamin discovered and its 
discovery marks the beginning of modern vitaminology (Eijtkman, 
1897). After numerous attempts it was finally isolated in the pure 
condition (Jaksen and Donath, Windaus et aL 1932). The first 
work on the structure of thiamin was that of P. P. Williams, 
Waterman, Keresztesy and Bxjchman (1935). Winbaijs and 
his collaborators were the first to propose the proper empirical 
formula, C12H1SON4S Ch. Williams et al. found that thiamin can 
be split by sulfite into two components according to the following 
equation : 

C^HtnON^SCh + CeHoONS + CeH^OaNsS + 2 HCL 

( 1 ) ( 2 ) 

From product 1 a thiazole was isolated and identified (BuCH- 
MAN, Williams and Keresztesy) . The study of product 2 led to 
the identification of pyrimidine (Cline, Williams and Water- 
man). It is now known that thiamin is actually composed of: 


C CHaNHa 


,C NHa 


\/ 


CH 3 CHa'CHaOH 


X==C 



2-METHYL-4.-AMINO-5-AMrNO- -4 - METHYL-5 -A “ HYDROXY- 
METHYL- PYRIMIDINE ETHYL-THIAZOLE 

In the thiamin molecule, the thiazole and pyrimidine nuclei are 
united by a methylene bond ; 



The chemical synthesis of thiamin which we must understand 
in order to study its biosynthesis later on is now relatively easy 
to accomplish. The two synthetic components are condensed in 
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the following manner (synthesis of Andersag and Westfhal, 
and of Williams and Cline) : 


H 


HaC- 


\. 


-CH^Br 

-NH2-2HBR 


CH3 CHz'CHaOH 

c=c 




2 -METHYL --4 “AMINO -5-BROMOMETHYl- 
RYRIMIDINE-DIHYOROBROMIDE 


•4-METHYL-3 -A- HYDROXY 
ETHYL-THIA20LE 


HjC- 




-CHa- 


N 


C 

1 

C NHa-HBR 


? 


CHa-CHaOH 
O 


HBr 


THIAMIH BROMIDE HYOROBROMIDE 

The bromide hydrobromide can be converted into the chloride 
hydrochloride by shaking with silver chloride. Thiamin is therefore 
chemically known as 4-methyl-5-;S“hydroxy-ethyl“N- C (2-methyl- 
4-amino-pyrimydyl [5]-) methyl] -thiazole. 

Pyrimidine has an active group in position 5, e.g,, CHzBr, which 
makes the condensation possible. 

The precursors of thiazole are also of interest to physiologists. 
Thioformamide and chloracetopropyl alcohol m vitro condense to 
form thiazole according to the following reaction: 


HCSNHa 


Cl 

I 

CHaCOCHCHaCHaOH 


C — CHgCHgOH 


HC^ C — CH3 


THtOrORMAMlOE 


CHLOROACETOPROP YL , 
ALCOHOL 


THIAZOLE 
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Another method has been employed for the chemical synthesis 
of thiamin (Todd and Bergel), consisting’ of a modified synthesis 
of thiazole, and a progressive union of this with pyrimidine. 

Various methods of syntheses on which B. R. Williams et al., 
Andersag and Westphal, Todd and Bergel have worked have 
led to the complete elucidation of the structure of thiamin. Fur- 
thermore an appreciable number of substitution products of thia- 
min and its components are known. 

Thiamin is of particular interest to plant physiologists. For a 
complete account of this vitamin the excellent monograph of R. R. 
Williams and T. D. Spies should be consulted. This work, the first 
of its kind, considers the problem in all of its biological and chem- 
ical aspects, and constitutes a reference work of the first order. 

Distribution of vitamin Bx in the plant Tcingdom. — Thiamin is 
found in almost all groups of plants. In higher plants it is found 
in all organs, e.p. roots, stems, leaves, and fruits. It is particularly 
abundant in fruits, where it occurs as a reserve material. It is also 
present in the various organs of the flower, calyx, corolla, and 
stamens (Schopfer). The leaves of 134 species of plants, repre- 
senting 71 families, studied by means of the Phy corny ces test, evi- 
dently contain one or more of the following: thiamin, its two com- 
ponents (pyrimidine and thiazole), or a substance very closely 
related to thiamin. 

Various assays show that the thiamin content of plants is some- 
times very high (gammas per 100 grams of fresh material) : 

Germ of wheat 1100-4200 Lentil 400 

Germ of rye 2500 Spinach 110 

Germ of maize 800 Potato 70 

Much of the data obtained by animal physiologists is not very 
reliable because of incorrect identification of the species of plants 
employed. Furthermore, the figures vary with different methods 
of analysis. If vitamin Bi is being considered with reference to 
its action on man and animals it is obvious that the assay must be 
made by means of animal tests. Many plant materials have been 
assayed by this method and, in addition, a considerable number 
have been analyzed by means of the thiochrome and the Phy- 
comyces tests. Consequently we are now well informed concern- 
ing the distribution of thiamin (or substances having the same 
physiological action) in the plant kingdom. 

A large number of bacteria, yeasts and other fungi are auto- 
trophic with respect to thiamin. This vitamin is also found in the 
Chlorophyceae {Spiro gyro) y Phaeophyceae (various species of 
Fucus), Rhodophyceae, Bryophytes (Musci and Hepaticae), and 
Pteridophytes {Polypodium) . It is possible to find some well de- 
fined species in the same genus which are autotrophic and others 
which are hetero trophic with respect to thiamin (see p. 104). 

Multiplicity of Bx vitamins — Specificity of action. — It has been 
customary to consider vitamin Bi (thiamin) as an individual sub- 
stance, but it is now well established that certain substitution 
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products of tliis vitamin exhibit some activity if used in relatively 
high dosage. It is therefore necessary to explain what is meant by 
specificity of action. If only the maximal action of a substance 
like thiamin is considered, there are only a few substitution products 
which are capable of replacing it quantitatively. If, on the other 
hand, the degree of activity is not considered there are several 
products with positive action, the effective dosage being sometimes 
5000 times greater than that of ordinary thiamin. Recently 
Schultz, using an animal test, studied 39 homologues and ana- 
logues of thiamin, among which 22 compounds were found with 
definite vitamin Bi activity. Furthermore, there are reasons to 
believe that plants contain substances which are related to thiamin 
and, although not identical with it, have the same vitamin activity. 

In animal metabolism thiamin apparently has a certain number 
of functions which are absolutely indispensable. The NHz group in 
position 4 of the pyrimidine portion as well as the hydroxyethyl 
group in position 5 of the thiazole are of prime importance. The 
absence of these groups markedly diminishes the vitamin activity. 
The H in position 2 of the thiazole is of similar importance to ani- 
mals. It should be recalled that nicotinic acid and certain pyri- 
midine compounds can enter into the composition of heterovitamins 
of Bi recently synthesized by Baumgarten and Dornow. In thia- 
min the thiazole group which seems indispensable can be replaced 
by 2-methyl-3-hydroxyethyl-pyrimidine. This pyrimidine when con- 
densed with normal pyrimidine of thiamin (in its bromide form) 
yields the bromide of 2-methy 1-3-hydroxy ethyl-N-( 2-methyl-4-ami- 
no-pyrimidyl-5-methyl -pyridine) . Starting with nicotinic acid it is 
possible to obtain 3-hydroxyethyl-N- (2~methyl-4-amino-pyrimidyl- 
(5) methyl-pyridine in the form of the bromide hydrobromide: 



The absence of the methyl group in the pyrimidine ring does not 
increase the vitamin activity. The above comix>und has an activity 
1/240 of that of thiamin. These heterovitamins have not actually 
been found in organisms, although their presence is not precluded. 
These investigations show that an interesting relationship may 
exist between vitamin Bi and the antipellagra vitamin (nicotinic 
acid) . This relationship appears to be purely chemical but it may 
prove to be physiological. 

Alloxazine 

Vitamin Be, s. str. Riboflavin (Growth vitamin). — Riboflavin 
has not been investigated as extensively as thiamin. Nevertheless, 
it is an important vitamin with reference to plants. As in the case 
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of the carotenes, the water soluble yellow pigments which are now 
classified as flavins have long been recognized. The history of the 
flavins and of their discovery is intimately tied up with that of the 
respiratory coenzymes. In 1932 Banga and Szent-Gyorgyi iso- 
lated from an extract of pig heart a coenzyme with a golden yellow 
color, which they called cytoflav. The colored constituent was also 
found by KtJHN. It was isolated in its crystalline form by Gyorgy 
and Wagner- Jauregg. The yellow pigments called flavins (Kuhn 
et al.), lactofiavin (from milk), ovoflavin (from egg white), hepato- 
flavin (from liver) , all turned out to be identical and the name 
which is rapidly coming into general use is riboflavin,^ The name 
riboflavin indicates that the substance is a ribityl derivative of a 
flavin. It may be described chemically as 6, 7 -dimethyl- 9 -(i'-d- 
ribityl)-iso-alloxazine (C17H20O6N4) . Its structure, as shown by 
various methods of synthesis, is: 


CHoOH 

1 

HOCH 

HOCH 

I 

HOCH 



according to the figures presented below (from 
Wagner- Jauregg, Warburg; chemical test) : 


rich in flavins 
Euler, Kuhn, 


Maize 1—5 mg*, flavin per kg. of fresh material 

Barley germ 0.5—1 do. 

Peas 1 

Spinach 0.5—1 do. 

Tomato J 

Carrot 0.2 do. 

Wheat germ 0.2 do. 

Potato 0.07 do. 


The presence of flavins in bacteria proves that the biosynthesis 
of these pigments is not directly dependent upon the action of 


"^In April 1937 the Council on Pharmacy and Chemistry of the American 
Medical Association adopted the name Riboflavin' ' for the substance which 
was originally referred to as lactofiavin (Council on Pharmacy and Chemistry. 
— Riboflavin, the accepted name for vitamin B 2 . Jour. Amer. Med. Assoc. 
108:1340-1341, 1937). Their action was followed by the Society of Biological 
Chemists, the American Institute of Nutrition, and the Federal Food and Drug 
Administration. 
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chlorophyll. The flavin content of microorganisms is remarkably 
high as shown by the following figures (from Wabbueg and 
Christian) : 

mg. per kg. dry wt. 


Butyric bacteria {Clostridium butyricum) 136 

Lactic bacteria {Bac. Delbriickii) 115 

Baker's yeast 36 

Beer yeast 30 

Acetic bacteria (Bac, Pasteurianum') 15 


Riboflavin does not occur in Bacteriwm coli and has not been proven 
to be present in Staphylococcus. 

Almost nothing is known concerning the flavin content of the 
higher fungi, the algae and the higher cryptogams, although these 
organisms undoubtedly contain this vitamin. 

Pyridine ring 

Nicotinic acid {human pellagra-^preventative vitamin, canine 
anti-hlacktongue vitamin). — This factor, belonging to the B 2 
vitamins for animals, was discovered in the field of microbiology 
when it was found to act as a growth factor for Staphylococcus 
aureus. Elvehjem and his collaborators established the identity 
of the pellagra-preventative vitamin with the amide of 3-pyridine- 
carboxylic acid. 

Chemistry. — The structure of the human pellagra-preventative 
vitamin is as follows : 


I I 

N 

NICOTINIC ACID NICOTINAMIDE 

C^H^ON^ 

Distiribution and content. — A systematic study of the dis- 
tribution of the nicotinamide in various tissues has not yet been 
made. There are indications that it occurs in green peas, soy- 
beans, spinach, and dry peas. A small amount is present in wheat, 
carrots, lettuce, green onions, but almost none in potatoes, apples, 
and dry prunes. The data are very fragmentary. Since nicotinic 
acid may occur in the free state or combined as one of the com- 
ponents of codehydrogenase (see later discussion) it is necessary to 
take these facts into consideration in connection with nicotinic acid 
assays. 

The chief role of nicotinic acid lies in the formation of codehy- 
drogenase. This fundamental function makes it very probable that 
nicotinic acid is widely distributed in animals and plants. 


CK 

N 



Chapter V 


*53 


Principal Vitamins 


Specificity of action, — The specificity of nicotinic acid is well 
known with respect to microorganisms, whereas, with respect to 
animals, little is known. One remarkable fact is that plants con- 
tain an alkaloid trigonelline which is capable of completely replac- 
ing nicotinamide, although the two are chemically different. The 


V 


HC' 

11 

— < 

11 

HC. 



I 

CHa 

trigonelline: (internal salt of n-methyl-pyridine- 

-CARBOXYLIC ACID, C7H7O2N-H2O). 

transformation of nicotinic acid into trigonelline can be brought 
about by animals in the liver (dog). (For the specificity of action 
on microorganisms see p. 143). 

Co dehydrogenases. — The codehydrogenases I and II are able 
to function as the human pellagra-preventative vitamin (voN 
Euler, Malmberg and collaborators) . In this case the nicotin- 
amide functions as the precursor of the codehydrogenase and it 
is to the latter that the pellagra-preventative action must be attri- 
buted. Although animals are unable to synthesize the nicotin- 
amide constituents of co dehydrogenase, they are able to synthe- 
size the other components of this complex coenzyme. Codehydro- 
genase I (cozymase of yeast) has the following structure (from 
SCHLENK and VON Euler) : 



OH OH I 

c— c— c— 

H H H 


C—O 


O’* OH 

II . - 

-P— O— p— o— c~c— c 
)i II Ha H H 

o o * 


— ° — I 

OH OH I 


-C— C- 
H H 


H>N C = 


-N- 


NICOTINAMIDE ADENINE 

This codehydrogenase I (of VON Euler, Albers and Schlenk) is 
diphosphopyridin e-nucleotide. The codehydrogenase II (of red 
blood corpuscles) (Warburg, Christian and Griese) differs from 
codehydrogenase I by having one more molecule of phosphoric acid. 
A reciprocal transformation of the two codehydrogenases is pos- 
sible. Codehydrogenase II upon dephosphorylation yields codehy- 
drogenase I. The transformation in the opposite direction can be 
accomplished enzymatically. 

In animals the pellagra-preventative action is dominated not 
by codehydrogenase in the form of the complete molecule but in- 
stead by the nicotinamide. It is correct to consider the nicotin- 
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amide as the precursor of codehydrogenase I and II, but it is not 
certain that the codehydrogenases actually represent the active 
form of the pellagra-preventative vitamin. It has been dem- 
onstrated by animal physiologists that the non-oral administration 
of codehydrogenase in the form of the complete molecule has only 
a weak pellagra-preventative activity. Hence, in animals, the nico- 
tinamide must obviously undergo various transformations which 
still remain undetermined. It is not obligatory that the vitamin 
action of the nicotinamide is due to its rdle as a constituent of 
the codehydrogenase molecule. The pyrimidine group of nicotinic 
acid possibly enters into the composition of other vitamin sub- 
stances (see p. 47). Among microorganisms one case is known 
in which codehydrogenase as such (complete molecule) functions 
as a growth factor. Hemophiltcs 'parctinfluenzae requires the com- 
plete molecule of codehydrogenase I or II and cannot synthesize 
it from the nicotinamide. 

Vitamin Be (pyridoxine^, “rat acrodynia” factor of Gyorgy, 
factor of elution, adermin) . — Pyridoxine represents one of the 
three antidermititis factors (Hautfaktoren) . It is concerned with 
a dermititis disease of rats (rat pellagra or “achrodynia^' ) and 
should be distinguished from the other two antidermititis factors, 
nicotinamide which prevents human pellagra, and the “filtrate 
factor'’ (pantothenic acid) which prevents a dermititis of chickens 
and pigeons. 

Pyridoxine is a member of the vitamin Ba complex. It is indis- 
pensable for the maintenance of a healthy skin and for the growth 
of hair in rats. 

Chemistry, — It was first isolated in the crystalline condition 
from rice polishings by Keresztesy and Stevens and has since 
been isolated from yeast, liver, molasses, and sugar beets. Its 
chemical structure was established by Kuhn and Wendt (1939) 
following its synthesis by Kuhn and collaborators. It is known 
chemically as 2-methyl-3-hydroxy-4,5-di- (hydroxy-methyl) pyri- 
dine, with the formula C 8 H 12 NO 3 .CI and is the hydrochloride of 



^Pyridoxine is the name adopted for the rat antidermititis factor by the 
American Institute of Nutrition, the American Society of Biological Chemists, 
and the Council of Pharmacy and Chemistry of the American Medical Asso- 
ciation. 
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Specificity of action. — The specificity of action of pyridoxine 
has not been investigated extensively with animals, but bacteria 
have been subjected to tests involving an appreciable number of 
substitution products (see p. 156). 

Keto-lactone group of sugars 

Vitamin C {ascorbic acid.) . — This water soluble vitamin, which 
is now prepared in large quantities, has been studied extensively 
although its chemical history is recent. Historically it is of inter- 
est by virtue. of the fact that the avitaminosis associated with it, 
called scurvy, has been known since ancient times (middle ages, 
and even the days of antiquity). The first chemical investigations 
on this vitamin were made simultaneously by Szent-Gyorgyi, and 
by Tillmans and King, who extracted a substance from the supra- 
renal glands of cattle and from oranges with the formula of CsHsOet 
which was identical with the anti-scorbutic vitamin. Its structure, 
studied by Micheel and Kraft, Haworth and Hirst, Karrer et al., 
has been confirmed by synthesis by Reichstein (1933-34). Its 
formula is : 


C OH 

: OH 

HC- 

HOCH 

I 

CH^OH 

L-ASCORBIC ACID 

Ascorbic acid is known chemically as 2,3 dienol-Z-gulonic acid lac- 
tone. Its synthesis may be accomplished by various methods which 
fall into two general types: 1) starting with Z-xylose which is 
transformed into ^-xylosone, 2) starting with d-glucose, which is 
transformed by reduction into sorbitol which in turn is transformed 
by Bacterium xylinum into Z-sorbose. The latter synthesis is of 
particular interest to botanists engaged in the study of the bio- 
synthesis of ascorbic acid. 

Ascorbic acid possesses a strong capacity to reduce a wide vari- 
ety of organic and inorganic reagents. This capacity and the acidic 
nature of this vitamin are due to the dienol group, 

— C- -OH 


-OH 

a structure rarely occurring in nature. Its capacity for reduction 
is surpassed by only a few natural substances, e.g. glutathione 
( — SH group). 
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Content and distribution in nature, — Ascorbic acid is widely 
distributed in all plant organs. Some examples are as follows : 


fruits : 

mg, /kg. 

lemon 

0.5 

orange 

0.3-0.9 

apple - pear 

0.04 

tomato 

0.05 

vegetobhles : 

turnip 

0.2 

potato 

0.1 

cabbage 

0.25-0.5 

leaves : 

iris 

6.0 

pine 

0.25 

spruce 

0.8 


Specificity of action, — A series of homologues of vitamin C 
(Z-ascorbic acid) are known but none of them have as great an 
activity as the vitamin itself. These products are obtained by 
replacing the pentose by another sugar. 

Z-ascorbic acid: activity 100 
cZ-ascorbic acid: activity 0 
Z-rhamnoascorbic acid: activity 1/5 
cZ-araboascorbic acid: activity 1/20 
Z-glucoascorbic acid: activity 1/40 
Z-galactoascorbic acid: activity 1/60 
cZ-glucoheptoascorbic acid: activity 1/100 

Later we shall have occasion to return to the various homologues 
of Z-ascorbic acid when we consider their action on higher plants. 

Pantothenic acid {pantothen^^ ** filtrate factor"’, anti- grey -hair 
factor”, anti-pellagra vitamin of chickens and pigeons') and its pre- 
cursor beta^alanine, — This vitamin is now included in the list 
of vitamins required by animals, but it was originally known only 
as a growth factor for microorganisms. Beta-alanine in some cases 
and pantothenic acid in others are necessary for the development 
of yeast and certain bacteria, e,g. Streptococcus lactis (see p. 154) . 
R. J. Williams demonstrated several years ago that pantothenic 
acid is universal in its distribution. He and his collaborators suc- 
ceeded in isolating it in its crystalline form and in synthesizing it. 
Beta-alanine is a growth factor for the diphtheria bacillus {Coryne- 
hacterium diphtheriae) . Its action was first discovered by R. J. 
Williams and E. Rohrman (1936) working with certain strains 
of Saccharomyces cerevisiae. 

Pantothenic acid is identical with the ‘‘filtrate factor’* and the 
anti-pellagra factor of pigeons and chickens (JXJICES, Woolley, 
Waisman and Elvehjem). This vitamin also stimulates the 
growth of rats (Stjbbarow and Hitchings). Moreover, it has 
been observed that beta-alanine alone stimulates the growth of rats 
when there is a deficiency of the “filtrate factor” (Hofper and 
Reichstein, 1939). 


'The name, pantothen, has been suggested by R. J. Williams (Science 
94:462, 1941) as a substitute or abbreviation for pantothenic acid. 
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The synthesis of pantothenic acid and the establishment of its 
structural formula have made it clear that beta-alanine is a pre- 
cursor of pantothenic acid. The chemistry of pantothenic acid will 
be considered in detail under the section entitled ‘"bios'" (see p. 
129). It suffices here to say that pantothenic acid (C 9 Hi 705 N) is a 
combination of beta-alanine and dioxyvaleric acid. This explains 
why the one or the other of these factors is required by certain 
microorganisms- The latter precursor of pantothenic acid is a 
lactone (CeHioOs) which has been isolated from a concentrate of 
liver and shown to have the following structure : 

CHx 

I * 

CHj-C— CH, 

CHOH — -CO 

This lactone, known chemically as alpha, gamma-dihydroxy-beta, 
beta-dimethylbutyrolactone, upon condensation with beta-alanine 
forms pantothenic acid: 

CH3 OH 

HOCH2 C CH- -CONH- -CHa CHg COOH 

CH3 


This substance, once known only as a growth factor of yeast, must 
now be considered as a typical vitamin with the same general 
importance and with a distribution as universal as that of the other 
known vitamins. 

Bios, — Other members of the vitamin B complex with bios 
activity still remain to be discussed, namely, bios I (t-inositol) 
and bios II (biotin of Kogl) . These substances are widespread in 
animals but their role has been recently established by dxj Vigneaud 
et aL (1942)2. It is noteworthy that biotin whose structure is still 
unknown (C 11 H 18 O 3 N 2 S) is found in the ovarian follicles of chickens 
where the content increases from 439 US (0.7 gram follicle) to 
1562 US (18.1 gram follicle) during the period of maturation.^ 

The “vitamin B 2 complex"' is not yet completely understood since 
it contains other factors which have never been chemically isolated. 
Some are probably not vitamins at all. The water soluble vitamins 
B 3 and Bs which occur in yeast, cereals and malt extract, as well 
as vitamin B 4 found in yeast have not been identified as to their 
chemical nature. Another little known factor is the anti-anemic 
factor (hemogene, “extrinsic factor”) found in yeast, malt extract, 
the embryo of wheat seed, and the polishings of rice. Related to 
this factor is still another for anti-anemia called the tropic anemia- 

*Recent work by Gyorgy et al, has proven, the identity of biotin, 
vitamin H (curative factor for eg-g-white injury), and coenzyme E, indicating- 
that it plays a fundamental role in both plants and animals. 

*V. DU Vigneaud, The structure of biotin. Science 96:455. 
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preventative factor Ctropiques'% “tropenanamieverhiitender Fak~ 
tor’'), found in yeast and the ^erm of wheat seed. Additional fac- 
tors exhibiting* anemia-preventative action are: vitamin M which 
prevents cytopenia in monkeys (in yeast), hallochrome C9H7O4N 
(in various plants), and xanthopterine (uropterine) CisHsoOrNie 
(in Trifolium). Hallochrome probably plays a role as an inter- 
mediate product during the course of the formation of melanin. 
These animal vitamins are incompletely understood and, for the 
moment, are of no particular interest to botanists. However, they 
must not be disregarded entirely since their presence in plant mate- 
rials suggests that they play a role there. It is highly significant 
that many of the typical vitamins required by animals have been 
found to act as growth factors for microorganisms and green 
plants and, conversely, that many of the growth factors of micro- 
organisms have turned out to be vitamins required by animals. 
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VITAMINS AND THEIR ACTION ON PLANTS 
SYNTHESIZING THEM. L EMBRYOS 
AND ROOTS. 

The fact that vitamins occur in higher plants suggests that they 
participate in the metabolism. Since vitamins are always pres- 
ent under normal conditions of germination and culture (nor- 
mal synthesis of vitamins) they are generally overlooked. In order 
to call attention to the synthesis of these vitamins, it is necessary to 
find a means whereby the plant can be rendered wholly or partially 
heterotrophic. This can best be accomplished by the use of tissue 
cultures. Although this type of culture was attempted long 
ago, it has met with numerous failures. The first experiments were 
made with embryonic organs, the cells of which have a considerable 
capacity for proliferation, e.g., embryos of certain seeds. 

Embryo cultures. — During the first stages of its development 
an embryo is completely heterotrophic and dependent upon the 
resereve material contained in the cotyledons. 

The first attempt to culture embryos is generally but incorrectly 
credited to van Tieghem. In 1754 Chakles Bonnet reported in 
his celebrated work, “L’usage des feuilles”, that he had succeeded 
in separating the embryos from their cotyledons in the seeds of 
Phaseolus multiflorus and Fagopyrum. By cultivating the excised 
embryos in soil he obtained plants which were somewhat dwarfed. 
The modern method of embryo culture was described in 1890 by 
Brown and Morris (Jour. Chem. Soc. London). This method was 
employed by Bottomley in his experiments on the influence of 
vitamins on higher plants cultured on synthetic media. In the case 
of seeds of the Gramineae, which have been used by various work- 
ers, the endosperm is removed instead of the cotyledon. Numerous 
experiments have been performed in connection with various 
physiological problems in which embryos have been grown to a 
certain stage of development. The methods have been improved so 
that it is now possible to start with sterilized seeds and grow them 
to the mature fruiting stage in a sterile synthetic mineral medium. 
This was made possible by the work of Molliard and Combes on 
culture methods for embryos. It is now possible to start with an 
embryo quickly removed from the seed and to obtain a dwarf plant 
with flowers (Rytz 1939). Upon the removal of the cotyledons, 
the embryos are deprived of their carbon and nitrogen reserves, 
thus making it necessary to employ a culture medium enriched by 
those substances which are lacking, particularly sugar and nitro- 
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genous materials (Fig*. 3). Furthermore, as vre shall see, the 
embryos of many plants are dependent upon vitamins and growth 
factors which are very abundant in the cotyledons. 

In the culture of embryos it is important to separate the embryo 
from the cotyledons as soon as possible, f.e., before any substances 
are able to pass froni the cotyledons into the embryo during the 
early stages of germination. If possible, it is even advisable to 
remove the embryo from the seed as soon as the seed readies 
maturity and before desiccation takes places. This precaution is 
necessary in the case of seeds which are able to germinate as soon 
as they are ripe, Le., those which do not require a dormant or after- 
ripening period such as the seeds of the Gramineae and Cruciferae. 
Even during maturation the embryo is able to accumulate a small 
quantity of growth factors, which must be removed by allowing 



Fig. 3. — Culture of embryos of seeds of Pisum, without cotyledons, on solid synthetic 
medium (from W. Rytz jr., 1939); 1, 2. sketch showing the seed of Pisum; S, Sa, Zh, excised 
embryos in early stages of development; 4-7, later stages of development. 


the embryo to remain for some time in a medium devoid of growth 
factors. This medium permits growth to start, but soon checks 
it. At this time the embryo is devoid of all growth factors and is 
ready for experimental use. The observations of KogLi and Haagen 
Smit (1935) are very significant in this connection. The embryos 
of Pisiiwi contain more biotin (in the plumule and especially in the 
radicle) after 48 hours of growth than after six hours of growth. 
These investigators, working with cultures of embryos from the 
seeds of Pisum (“Kortstroo Schokkers’' variety) were the first to 
demonstrate the necessity of growth factors of vitamin nature 
during the course of germination. The embryos were cultured in 
a medium containing: saccharose 250g., KNO3 2g., KH2PO4 2g,, 
Ca(N03)2 9g., MgS04.7H20 2g., FePO^ O.OlSg., Na2B40r O.OOOOOlg., 
ZnS 04 O.OOOOOlg. They found that extracts of cotyledons and 
yeast were very beneficial when added to the synthetic medium. 
Additions of either asparagine or aspartic acid to the medium had a 
favorable action. Since biotin is abundant in the seedling during 
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the course of normal germination, it is natural to suspect this sub- 
stance as an important factor in the culture of embryos. Kogl. 
and Haagbn Smit, working with ‘‘Kaapsche Groene'^ variety, ob- 
tained an increase of 63 per cent in dry matter, with 2,000 Saccha- 
romyces units (1 US == 1/25,000 gamma) of biotin. Even better 
results were obtained with the combination biotin -h thiamin. 
With the ‘‘Kaapsche Groene” variety, thiamin alone markedly in- 
creased root growth, the action beginning at O.OOSy per 10 cc. of 
medium and reaching a maximum at 0.4y. The growth of stems 
was affected less than that of roots by thiamin alone. The maxi- 
mal increase in stem growth was obtained with the combination 
of biotin (0.2y) 4- thiamin (2.0y). In general the increase in 

growth was found to be less in stems than in roots. The green 
weight of the stem was increased considerably by biotin alone in a 
dosage of O.ly, and the combination, biotin (0.2y) + thiamin 

(2.0y) , had only slightly greater effect despite the fact that thiamin, 
when used alone, had a marked effect on the green weight of the 
stem. On the other hand, it was found that the fresh weight of the 
root was not affected by biotin alone (O.ly), and that thiamin alone 
was as effective as the combination, thiamin -h biotin. The dry 
weight of the stem was affected more strongly by biotin than by 
thiamin but the maximal effect was obtained with the combina- 
tion, biotin 4- thiamin. The dry weight of the root was not affected 
by the addition of biotin alone; the maximal effect was obtained 
with thiamin alone and was not increased upon the addition of 
the combination, biotin + thiamin. 

From these observations of Kogl and Haagen Smit it is obvi- 
ous that biotin and thiamin have about equal importance, but that 
they behave differently in the different organs of the embryo. In 
the final analysis, it would appear that stems and roots differ in 
their ability to synthesize these two factors. The fact that addi- 
tions of biotin have practically no effect on roots (growth in length, 
fresh weight and dry weight) indicates that this vitamin is readily 
synthesized in this organ. Thiamin, on the contrary, markedly 
affects the growth of roots. In stems the situation is different, 
both biotin and thiamin being very active when used alone ; how- 
ever, their maximal action occurs when they are used together. 
The stem, therefore, has considerable difficulty in synthesizing both 
of these substances. 

Experiments concerning the effect of ascorbic acid (vitamin 
C) on the growth of plants have yielded conflicting results. Kogl 
and Haagen Smit (1935) were unable to find any activity, whereas 
ViRTANEN and VON Hausen found that this vitamin definitely pro- 
motes the growth of embryos deprived of their cotyledons. VON 
Hausen (1936), in particular, found that ascorbic acid had an 
extremely marked effect on the growth in length, the increase in 
dry weight, and the subsequent vitamin C content of seedlings 
(see Fig. 8) . Virtanen and voN Hausen used a method different 
from that of K5gl, according to which they allowed the seeds to 
germinate for seven days before removing the cotyledons. Fur- 
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thermore, the dosag^es of ascorbic acid were rather high, up to 
10 mg,, whereas those used by Kogl did not exceed 800y. The 
experiments of voN Hausen give the impression that ascorbic acid 
may have functioned otherwise than as a growth factor. The 
investigations of these men differed still further in that the vari- 
eties of peas used were not the same. J. and D. Bonner (1938), 
who studied the action of ascorbic acid on nine varieties of peas 
found that they reacted differently. The ‘‘Perfection” variety 
responded to ascorbic acid with a 213 per cent increase in weight, 
whereas the variety “Little Marvel” did not increase in weight be- 
yond 103 per cent (as compared with the control). This clearly 
demonstrates the fact that varieties differ in their response to ascor- 
bic acid added to the culture solution. The embryos cultivated in a 
solution containing thiamin as the only growth factor exhibited a 
marked increase in growth and also a considerable increase in the 
ascorbic acid content of the embryo (Perfection variety) . In this 
case the thiamin apparently compensates for the absence of vitamin 
C by permitting the synthesis of the latter. 

Of other substances tested on pea embryos the following are 
active according to J. Bonner and G. Axtman (1937) : thiamin 
alone, pantothenic acid alone, and estrone (theelin) alone (Perfec- 
tion and Alaska varieties). The best results were obtained with 
the following combination: thiamin -h pantothenic acid 4- estrone 
-H ascorbic acid. Kogl and Haagen Smit (1935) found the activ- 
ity of estrone almost negligible and that of biotin slight. Bonner 
(1938) found that nicotinic acid possessed strong activity when 
used alone but that the action of this factor was increased when 
it was used in conjunction with thiamin (growth of shoots). 

The results of these investigations on embryo culture have been 
confirmed with the exception of those concerning ascorbic acid. 

It is now possible to regard an embryo, detached from its coty- 
ledons, as heterotrophic as far as vitamins are concerned (auxo- 
hetero trophic) , a condition which can easily be explained by the 
large growth factor content of the cotyledons which normally 
supply the embryo. The loss of capacity for synthesis differs 
markedly in the root and shoot of the embryo. The root still has 
the ability to synthesize a considerable amount of biotin, but no 
thiamin. The rudimentary stem, on the other hand, has lost its 
capacity to synthesize both of these factors. Other factors like- 
wise affected are nicotinic acid, pantothenic acid, estrone and, in 
some cases, ascorbic acid. The capacity to synthesize ascorbic acid 
depends largely on the variety of plant. The synthesis of biotin 
differs to a lesser extent with the variety, whereas that of thiamin 
does not differ at all. Biotin is the principal factor by virtue of its 
unusually great activity. 

One remarkable discovery resulting from these studies was that 
the needs vary with the state of development of the embryo and 
with the preliminary treatment received. 

It is difficult to compare the data obtained by different investi- 
gators because the media employed by them were not the same. 
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The carbon source is of considerable importance in its effect upon 
the synthesis of ascorbic acid. Various other factors influencing 
the biosynthesis of this factor in higher plants have been demon- 
strated, e.g., temperature, light, and the catalytic action of metals 
(see p. 95). These factors still remain to be studied in connection 
with the synthesis of ascorbic acid in the embryo. Such studies 
might possibly explain certain discrepancies of the results. The 
knowledge which has already been accumulated concerning the 
part played by growth factors represents an advance in the study 
of the physiology of germination. 

After having established the fact that embryos are partially 
heterotrophic we might well ask what happens in the adult plant. 
Does it become completely auxoautotrophic? Do all the organs be- 
come auxoautotrophic ? If not, what physiological relationships, 
relative to growth factors, exist between the various organs? In 
order to answer these questions it is necessary to investigate indi- 
vidually each organ which can be isolated and cultured apart from 
the rest of the plant. 

Leaf cultures. — Little is known concerning the synthesis of 
vitamins in excised leaves. As the ‘^chemical laboratory'’ of the 
plant, the leaf theoretically should be able to carry on all of the 
essential syntheses, and should be self-sufficient with respect to 
vitamins. According to D. Bonner, Haagen Smit and Went 
(1939), the leaf requires one or several ‘‘hormones". These can be 
found in the extracts of leaves, in the cotyledons of pea seeds, and 
in yeast extract. These factors have not been identified and the 
problem remains unsolved. It is known, however, that adenine, in 
a concentration of 0. 1-1.0 mg. per liter, plays a role in the expan- 
sion of the leaf. 

Root cultures. — The root, which is generally devoid of chloro- 
phyll, is of particular interest with respect to growth factors. This 
organ may well be expected to be dependent upon organs with a 
greater ability to synthesize growth factors. 

The growing points represent meristems endowed with unusual 
capacity for regeneration. Gautheret (1935) demonstrated this 
by cutting off the extreme tips of roots of Zea Mays. These tips 
regenerated rapidly and the absence of cell initials did not inter- 
fere with this phenomenon. 

Numerous attempts to culture roots have been made, particu- 
larly in connection with studies concerning the action of hormones 
of the heteroauxin type (see Berlet for the technique) . From the 
point of view which is of interest here, real progress has been made 
since the initial observations of Robbins (1922). We are indebted 
to him for some of the best work on this subject, including the suc- 
cessful culture of roots of Zea Mays in sterile media. In contrast 
to the work of Kotte, who cultivated the very tips of the roots, 
Robbins employed longer portions (1 cm. or more) and succeeded 
in obtaining excellent cultures in which not only cell elongation 
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occurred but also cell division was very rapid, resulting* in marked 
increase in length, of the root accompanied by considerable branch- 
ing. He was able to maintain cultures over a long period of time 
by transferring the excised roots periodically to fresh media. Glu- 
cose is essential for growth, and peptone and yeast extract are 
decidedly beneficial. These products, particularly the latter, are 
recognized as extremely rich sources of growth factors. RoBBlNS 
and Maneval (1923) made a systematic study of roots of various 
species of plants and were able to determine the action of various 
factors on their growth rate. Mineral elements are also very 
important for the development of root cultures. Particularly inter- 
esting results were obtained with tomato roots which respond 
nicely to culture m vitro. White (1934) obtained an unlimited 
culture of excised tomato roots in a synthetic mineral medium by 
supplying glucose and yeast extract. This extract has been shown 
by numerous investigations to contain substances essential to the 
growth of roots. 

White (1937 a and b) attempted to separate the active con- 
stituents from yeast. He made the interesting observation that a 
certain number of them is indispensable to excised tomato root 
cultures, namely, histidine, phenyl-alanine, lysine, leucine, isoleu- 
cine, valine, glutamic acid, proline, and serine. But these sub- 
stances are not the only ones which account for the activity of the 
extract of autolyzed yeast. 

Encouraged by the good results obtained by means of pure vita- 
mins, Robbins and Bartley (1937) employed thiamin in an experi- 
ment and succeeded in obtaining excellent growth of their root 
cultures. This vitamin proved to be an essential factor for the 
growth of roots. It can not be replaced by any of the following 
substances : heteroauxin, ash of yeast, ascorbic acid, pantothenic 
acid, asparagine, cysteine, inositol, urea, pimelic acid or hydrolytic 
products of nucleic acid. This observation is of prime importance 
to the problem of tissue culture. It was confirmed by White 
(1937). Robbins and Bartley-Schmidt (1938) found that thia- 
min was still active at a dilution as high as 1 : 40,000,000,000,000, 
when used with White’s solution: Ca(N 03 ) 2 , MgS 04 , KNO 3 , KCl, 
KH 2 PO 4 , Fes ( 804)3 and glucose (Plate I). Another important dis- 
covery by Robbins and Bartley (1937) was that the complete 
molecule of thiamin is not required, but only the thiazole portion. 
The combination, pyrimidine + thiazole, is able to replace thiamin. 
The dry weight increases as a function of the concentration of the 
thiamin components but the increase is somewhat slower than that 
obtained with thiamin. At the end of the experiment, however, 
the weights obtained by the use of pyrimidine H- thiazole are prac- 
tically the same as those obtained by the use of thiamin. Thiazole 
possesses definite activity when used alone, and even greater activ- 
ity when used in conjunction with pyrimidine. (See Fig. 1, V). 

The importance of thiamin for growing roots m vitro has been 
confirmed by Bonner and Addicott (1937) with peas {Pisum) . 
In this case the essential factor, thiamin, can be replaced by the 
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two thiamin components pyrimidine 4- thiazole, providing both 
of these components are supplied together. Peas, therefore, have 
suffered a greater loss in their capacity to synthesize than toma- 
toes. The former have lost their ability to synthesize both pyri- 
midine and thiazole, whereas the latter have lost their ability to 
synthesize only thiazole. Peas are still able to unite the two com- 
ponents of thiamin into a complete molecule. 

The synthesis of thiamin in roots of peas, which is comparable 
with that established for microorganisms (see p. 117), was dem- 
onstrated in the following manner: the Phy corny ces test permits 
the detection of thiamin or its two components, pyrimidine and 
thiazole, while the Phytophthora test permits the detection of thia- 
min only (whole molecule). These two tests make it possible to 
demonstrate that peas growing in a medium containing pyrimidine 
and thiazole are able to condense these two components into a thia- 
min molecule. These tests also permit the establishment of the 
fundamental fact that tomato {Ly coper sicum esculentum) roots 
growing in pure and unlimited culture have lost their capacity to 
synthesize thiazole, but are stilf^ able to synthesize pyrimidine. Pea 
roots have lost the capacity to synthesize both pyrimidine and 
thiazole. In the roots of both plants the thiamin molecule is resyn- 
thesized. The capacity for synthesis in pea roots will be studied 
in greater detail later on (see p. 89). It is clear that thiamin 
must not be considered as the only factor involved in the growth 
of roots, but that this vitamin acts in conjunction with other active 
substances of the auxin group. The action of thiamin has been 
carefully studied in regard to its effect upon the cytology of the 
root (Pisum) (Addicott, 1939). Thiamin stimulates primarily 
the meristematic activity of roots but does not affect cell elonga- 
tion. Its action is associated with that of auxin. 

The work concerning the nutrient requirement of excised roots 
started with the extract of autolyzed yeast as the source of the 
active factors. It soon became apparent that yeast extract could 
not be completely replaced by thiamin, or amino acids alone or in 
combination with thiamin (White in particular, 1937). From the 
figures of White (Fig. 4), it is obvious that tomato roots do not 
grow as rapidly in a synthetic medium supplemented with amino 
acids, accessory mineral salts, and vitamin as with yeast extract. 
Other growth factors might well be suspected since the solution 
was optimal in all other respects. Further support of this assump- 
tion is found in the fact that the behavior of the roots of peas and 
tomatoes differ. 

Robbins and Babtley-Schmidt (1938a) found that pyridoxine 
(vitamin Be) when added to thiamin or thiazole increased consid- 
erably the activity of the latter substances on tomato roots : 

DRY WEIGHT OF CROP IN MG- 


Control 0-4 

67 thiamin 3.4 

57 thiamin + I 7 pyridoxine 16.1 

I 7 pyridoxine 1.8 
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Pyridoxine exhibits no activity when used alone. It belongs to a 
constellation based on thiamin. 



DAYS 


Fig. 4. — Growtli of excised tomato roots durixifi: the course of 3 passages. 
Solid circles: standard salts and sugar (basal medium) ; open circles: basal 
medium + yeast extract; triangles in I: basal medium -f- vitamin Bi (1 mg. 
per liter) ; triangles in II: basal medium -f- vitamin Bi + accessory salts; 
triangles in III: basal medium -1- vitamin Bi + accessory salts + amino acids 
(from White, 1937). 


The growth of excised pea roots is increased when nicotinic 
acid is added to thiamin (Addicott and Bonner 1938, Addicott 
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and Devirian 1939). Pantothenic acid has been credited with a 
stimulating* effect on Ricciocarpus natans (R. J. Williams and 
Rohrman) and on the radicle of the embryo of Ginkgo (Ll-Tsi- 
Txjng and Shen). The pantothenic acid which was used was not 
in crystalline form or sufficiently puriffed to permit any definite 
conclusions. Such experiments are of value only for orientation 
purposes. 

The most interesting fact is the specificity of the reactions of 
roots from various species of plants. Bonner and Devirian 
(1939) and Bonner (1940) made comparisons of the growth factor 
requirements of roots of several species of plants. The results are 
presented in the following table: 

Table IV. Vitamin requirement of roots growing in 
pure culture (from J. Bonner, 1940) 

VITAMIN Bi NICOTINIC ACID PYRIDOXINE 


Flax — — 

Pisum -j- 4- — 

Radish 4 - *+■ — 

Alfalfa 4 - — 

Clover 4 “ — 

Cotton -j- + — 

Carrot 4- — -f- 

Tomato _j~ 4- ■+• 

Datura 4 - 4 - 

Sunflower 4 - 4 _ 4 _ 


For the growth of radish roots, the combination thiamin + nico- 
tinic acid is as favorable as yeast extract. In this case all of the 
necessary growth factors are known. 

White has shown that the growth of wheat seedlings is pro- 
moted by the SH radical, the action of which has been known 
since the time of Ham met. J. and D. Bonner found that a con- 
stellation consisting of vitamin Bi + vitamin Bg 4- nicotinic acid 
is required by the roots of Cosmos and that vitamins E, K, Ba, 
pantothenic acid, beta-alanine, ascorbic acid, adenine and many of 
the amino acids have no effect. 

From the above studies of the Bonners it can be concluded 
that if all the other hormonal factors are present the ten different 
kinds of roots employed vary in their ability to synthesize vitamins. 
The least capable in this respect are the roots of tomato, Datura, 
and sunflower, whereas the most capable is the root of radish. 

The results of Bonnbr and Devirian concerning excised tomato 
roots agree with those of Robbins and Bartley-Schmidt regard- 
ing the action of pyridoxine but disagree regarding the action of 
nicotinic acid. In an attempt to reexamine the results of Bonner 
and Devirian and those of Robbins and Bartley-Schmidt, White 
(1940) was unable to find any growth-promoting activity in either 
pyridoxine or nicotinic acid. He also pointed out that the discrep- 
ancies between his results and those of the other investigators were 
probably caused by differences in method and in behavior of differ- 
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ent strains of tomato roots (White’s strain, Bonnie Best ; Bonner 
and Devirian's strain. Beefsteak; Robbins and Bartley-Schmidt’s 
strain, pink-fruited Mexican variety) . In contrast with, the em- 
bryo, which is auxoheterotrophic during* only a part of its develop- 
ment, the root is always more or less auxoheterotrophic, and must 
therefore depend on the leaf, which is able to synthesize all the 
necessary substances. 

We still have very little information concerning the underlying 
reasons for this specificity in the loss of capacity for synthesis. It 
is very probable that the composition of the medium plays a role. 
It will be interesting to investigate the manner of action of the 
amino acids, which are indispensable and which must be present 
along with the growth factors. 

Specificity of actidti of growth factors on roots. — A great deal 
of information is available concerning the specificity of action of 
thiamin (pyrimidine + thiazole) on the root of Pisum. In this 
case we are able to describe the manner in which the concept of 
specificity of action was conceived. In these experiments (Bonner, 
1938) pyrimidine and thiazole were supplied to pea roots in the 
form of various substitution products. 

THIAZOLE 


" \/ 


From table V it is obvious that a few substitutions are possible, 
both for thiazole and pyrimidine. In the case of thiazole, the H in 
position 2 is of prime importance (see Nos. 9 and 12 in the table) . 
The CHa group in position 4 can be substituted without destroying 
the activity (Nos. 3 and 8). The /?-hydroxyethyl in position 5 
can also undergo substitutions providing there remains an active 
group capable of reacting with pyrophosphoric acid for the forma- 
tion of cocarboxylase (see p. 70). In the case of pyrimidine the 
NH 2 group in position 4 of prime importance (No. 5) . The CH 2 NH 2 
group or CHaBr must remain since it must react with the thiazole 
in order to form the thiamin molecule. 

Bonner studied, in addition to the analogues of the components 
of thiamin, the activity of certain substitution products of thiamin 
(whole molecule) ; in this connection he found thiochrome inactive 
when used in conjunction with pyrimidine or thiazole. 

It is interesting to compare this specificity in relation to pea 


PYRIMIDINE 
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roots with that of thiamin in relation to animals, since there 
appears to be a difference. The specificity with relation to pea 

Tabm V. Specificity of action of the components of thiamin 


on isolated pea roots growing- in pure culture (from 

J. Bonnteb, 1938). 

Thiazole and its analogues (in the presence of normal pyrimidine) 

PERCENT 

ACTIVITY 

H ~CH3 “CHgCHgOH lOO (tHIAZOLE OF OR- 

DINARY thiamin) 

2, H -CH3 -CH2CH2CL 100 

3- 

H 


-CH2OH 

-CH2CH3 


100 

A. 

H 


-CH3 

-CH2CHOHCH3 

100 

5. 

H 


~CH3 

-CHSCH2 


ICO 

6. 

H 


-CH3 

-CHgBR 


90 

7. 

H 


-CH3 



75 

8. 

H 

- 

CH2CH2CL- 

-cHa 


75 

0 . 

CH3 


-CH3 

-CH^CHgOH 


35 

10. 

H 


-CH3 

-CHOHCH3 


30 

II. 

H 


-CH3 

H 


0 

12. 

-NH2 


-CH3 

-CHgCHgOH 


0 

13. 

H 


-CH3 

-COCH3 


0 

Pyrimidine and its analogues (in the presence of normal thiazole) 

R 4 Rs 

1. -CH3 -NH2 -CH^BR H ICO 


2. 

-CH3 

-NH2 

-CH2NHCSH 

H 

too 


3. 

“CH3 

-NHg 


H 

95 


A. 

-CH3 

-NH2 

-CHgOCgH^ 

H 

25 


5. 

-CH3 

-OH 

-CH^NHg 

H 

0 


6 . 

“■CH3 

-NHg 

-CH^CONH^ 

H 

0 


7. 

-OH 

-OH 

-CH^OH 

CH3 0 


roots also differs from that relative to microorg-anisms of the same 
ype (pyrimidine plus thiazole), e.g., Phy corny ces, by being much 
less pronounced. It is, however, somewhat similar to the situation 
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found in fiagrellates by LwoFF et aL (see p. 121), where the vinyl 
group CH=CH 2 , in position 5 of thiazole does not destroy the 
activity. 

The specificity of action of nicotinic acid on pea roots {Piswm) 
has likewise been studied. Twenty-three substances, all more or 
less apparently related to nicotinic acid, were tested by Bonner. 
The only ones which were active were those which yield nicotinic 
acid upon simple hydrolysis. The active compounds include: nico- 
tinic acid, nicotinamide, the methyl-, ethyl-, propyl-, and butyl- 
nicotinates, and nicotinuric acid. 

Pea roots are unable to hydrolyze nicotino-S-nitrile and to oxy- 
dize the methyl group of ^S-picoline necessary for the formation of 
nicotinic acid. In general these results are comparable with those 
obtained with Staphylococcus aureus and Shigella dyssenteriae as 
well as with dogs. (See p. 143 for the specificity of action of nico- 
tinic acid on microorganisms ) . A single exception exists in the 
case of y^-picoline, which possesses canine anti-blacktongue activity. 
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VITAMINS AND THEIR ACTION ON PLANTS 
SYNTHESIZING THEM. II. TISSUE CUL- 
TURES, CUTTINGS, FORMATION OF 
ORGANS, ETC. 

Root tissue cultures. — In the preceding- chapter the vitamin 
requirements of certain organs were compared and an analysis 
of the behavior of various plant tissues seems appropriate now. 
In this connection special attention must be given to plant tissue 
cultures which have, for the most part, defied the efforts of numer- 
ous investigators. Whereas green tissues are difficult to culture, 
undifferentiated meristematic tissues are very satisfactory for this 
purpose due to their great ability to proliferate under normal 
conditions. 

The pioneering work of Haberlandt (1902) on tissue cultures 
deserves mention here since it established once and for all the 
importance of this field. Because his experiments were concerned 
with traumatism and the subsequent production of active substances 
of a hormonal nature, this particular aspect of the problem can 
be omitted from the following discussion. 

Notable progress in the technique of tissue culture was made 
through the work of Gautheret and White. According to the 
recommendations of these authors, cultures of embryonic organs, 
e.g., roots and embryos, will be distinguished clearly from those of 
meristematic tissues (particularly the cambium) . The latter rep- 
resent tissue cultures in the real meaning of the term and as such 
they are comparable to animal tissue cultures. When properly used 
the term ‘"tissue culture’' implies that differentiation of cells does 
not accompany growth^. The general procedure of tissue culture is 
as follows : a fragment of tissue is inoculated and given some time 
to grow ; then the newly formed tissue is separated from the frag- 
ment of inoculum and both are transferred to, and cultivated in 
the same medium or a fresh one. If desirable, several transfers 
may be made. In the case of actively growing tissues Nobecourt 
observed that the volume increased one hundred times during one 

^More recent investigations by White have forced him to revise some- 
what his concept concerning tissue cultures. He observed that individual cells 
possess a much greater capacity for differentiation than once supposed. He 
siunmarized his results as follows: “Cultures of callus from a hybrid Nicotiana 
which, on a semi-solid nutrient, have been maintained in an undifferentiated 
state through many passages can be induced to form leafy branches of a high 
degree of differentiation by immersing them in a liquid nutrient” (White, 
1939 , 1941 , 1942 ). 
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passage. Using the hypothetical case of a culture whose volume 
increases twenty times per passage, a stock culture could be grown 
until it had increased its volume twenty times, then could be cut 
into 20 pieces and these in turn could be cultured and subcultured 
until 20 passages had been made. By this time the volume of tissue 
would be equal to 20'^ or 1,280,000,000 times the original volume. 

Frequently the course of development is retarded or modihed 
by the differentiation of parenchyma tissue (see Gautheret 1935). 

Excellent results were obtained by Gautheret (1935) with 
cells isolated from the root cap of lupine and particularly with the 
cambium of Alnus, Populus, Salix, Acer, and UItyius, Knopfs solu- 
tion + glucose were used. Gautheret found that mannitol could 
not be utilized by the cultures. He was able to maintain the cul- 
tures for a long period of time without any differentiation taking 
place. Using the cambium of Salix cwpraea, Gautheret (1935) 
was able to study a constellation of growth substances and found 
that heteroauxin has a beneficial action when used in small dosages 
(up to 10“^^) but that it is toxic when used in larger dosages. 
Knopfs solution with 2 per cent glucose and 1.5 per cent agar was 
used as a medium. The chlorhydrate of cysteine has a beneficial 
action, the optimal concentration being 10-®. However, the essen- 
tial factor is vitamin Bi. With this vitamin, cultures could be main- 
tained for a period of five months either by transferring the newly 
formed tissue separated from the fragment of inoculum, or by 
transferring the fragment itself. 

Numerous observations of this sort have since been confirmed 
on carrot tissues. Fragments of root tissue are easily isolated and 
cultured. Nob]^court (1939a) obtained excellent results and main- 
tained cultures for a considerable period of time. He also found 
that growth factors are required. Gautheret, also working with 
carrot tissues, found heteroauxin beneficial and thiamin, as well as 
the chlorhydrate of cysteine, indispensable. The ratios, final 
weight/initial weight, indicating the growth of the culture are : 


mineral solution alone 2.0 

glucose 6.5 

_|_ 0.001% cysteine 8.6 

0.000,001% heteroauxin 8.4 

0.0001% thiamin 10.9 


This represents another case in which thiamin appears to be essen- 
tial although it was supplied in large dosage. This vitamin is the 
one most frequently involved in the loss of capacity for synthesis. 
This loss, however, in the case of carrots must not be complete 
because Nobecourt (1939&) observed that a fragment of carrot 
tissue, after having undergone five passages in fourteen months on 
a thia7Yiin~free synthetic medium, is capable of initiating growth 
in Phycomyces and in Phytophthora. Thus these tissue cultures 
have been able to synthesize at least part of the necessary thiamin. 
Gautheret^s experiments, in which thiamin was used in high dos- 
age (0.0001% ) , raise the question of whether the action was strictly 
of vitamin nature. 
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Stem tissue cultures. — The first experiments with stem cul- 
tures of Zea and Pisuw, by Robbins (1922) were unsuccessful. The 
method employed was the same as that used in the culture of screw- 
ing points of stems. In 1933 White took up the problem and, work- 
ing with small fragments of cambial tissue isolated from the stem 
of Stellaria media, he succeeded in obtaining growth and differen- 
tiation as evidenced by the production of rudimentary leaves and 
floral parts. Stem tissue culture should be investigated further 
since it has not received nearly as much attention as the culture of 
excised roots and of cambial tissues of roots. 

Formation of organs. — Cuttings. — The production of roots 
and other organs on cuttings is largely dependent on hormones of 
the auxin or heteroauxin type. A specific root-producing substance 
was demonstrated by R. Bouillenne and Went, Jr. (1933) and 
called rhizocaline (with Acalypha in particular) . The general 
characteristics of this substance were not determined, although it 
was observed that they differed from those of thiamin (thiamin 
being represented by an extract from rice polishings) . The tend- 
ency has been to consider ‘‘rhizocaline” as a substance belonging’ to 
the auxin group, since heteroauxin has a marked effect upon root 
formation. Recently Bouillenne (1938) resumed work on this 
problem with hypocotyls of Impatiens Balsamina and demonstrated 
that “rhizocaline” is not the same as auxin but he failed to estab- 
lish its identity. He called attention to the very interesting fact 
that the addition of thiamin to a basal medium of saccharose and 
amino acids increased the number of roots formed. However, in 
his experiments its action was not very noticeable since the basal 
medium alone produced similar results. The action of thiamin as 
an accessory factor for the formation of roots on cuttings still 
remains to be studied. Biotin, however, has been shown by Went 
and Thimann (1937) to increase root formation on cuttings of 
Pisum (etiolated) by one hundred per cent when used in a concen- 
tration of 5000 US per cc. along with auxin and saccharose. These 
experiments clearly demonstrate the hormonal phenomenon as dis- 
tinguished from the vitamin phenomenon defined on p, 38. Hor- 
mones (auxin and substances with similar activity) are concerned 
with the formation of organs, whereas vitamins (thiamin, biotin, 
etc.) take part in assimilation and nutrition by increasing the 
amount of protoplasm and without affecting the structure of the 
plant. 

Lazar (1935, 1936) suggested that carotin plays an active role 
in root formation on cuttings of Impatiens Balsamina. However, 
these results have not been confirmed. 

Germination of seeds and the culture of whole plants. — 

From the earliest stages germination is accompanied by highly 
complex phenomena regarding digestion and translocation, accord- 
ing to the evidence obtained by Schander with rice seeds. It can 
be assumed that these phenomena are influenced by active sub- 
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stances, particularly vitamin Bi contained in the pericarp. Since 
thiamin is readily synthesized by the mature plants and the supply 
of it in the cotyledons should suffice during the early stages of 
germination, there seems to be little reason to investigate its action 
on seed germination and on the growth of whole plants. Bonner 
and Greene (1938), however, have demonstrated that the addi- 
tion of thiamin to seedlings definitely favors the production of 
dry matter and elongation of shoots. With plants growing in sand 
they obtained the following ratios (length of shoot with vita- 
min/length of shoot of control) for certain plants : Aleurites Fordii 
(rooted cuttings), 1.86; Bougainvillea glabra (seedlings), 1.3; 
Arbutus unedo (seedlings), 1.3; Eucalyptus ficifolia (seedlings), 
1.5. In Ceratonia siliqua growing in sand the elongation of the 
shoot is increased almost 100 per cent (Fig. 5). With plants grow- 



Fig. 5. — Growth of seedling's of Ceratonia siliqua in 
sand culture, with and without vitamin Bi (from J. Bon- 
ner and Greene, 1939). 


ing in soil the effect is even more pronounced as shown by the 
following ratios: Arbutus unedo, 2.3; Prunus ilicifolia, 1.6; Bryo- 
phyllum sp., 2.5. The production of dry matter is also significantly 
increased by thiamin : Xanthium pennsylvanicum, 160 per cent 
(short photoperiod) ; Brassica alba, 458 per cent and B. nigra, 372 
per cent (short photoperiod) ; and Cosmos, 108 per cent (long 
photoperiod) . The optimal concentration of vitamin Bi for the 
promotion of dry weight deposition appears to be 0.01 mg. per 
liter of nutrient solution (sand cultures), but a detectable effect 
was exerted by nutrient solution containing only 0.0001 mg. or O.ly 
of vitamin Bi per liter. 

It can be shown by means of the Phy corny ces test that the vita- 
min added to the soil or sand accumulates in the leaves. It seems 
that the response of the plant to the addition of thiamin is more 
pronounced when the quantity normally contained in the leaves is 
small (less than 6.0 mg. per kg. dry weight). In tomatoes and 
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peas, which normally have a high thiamin content (18.0 and 13.0 
mg. per kg. dry weight, respectively), there is no visible reaction 
to thiamin added to the soil. 

Other investigators, encouraged by the striking results of 
Bonner and Greene have conducted similar experiments but have 
been unable to obtain any increase in growth by applying thiamin 
to the nutrient medium. Arnon (1940) investigated the effect of 
thiamin on several species of plants studied by Bonner and Greene 
(tomato, cocklebur, cosmos, mustard, lettuce) and found, under the 
particular set of conditions, no beneficial effects whatever. His 
plants were grown in ‘‘carefully controlled nutrient solutions’’ and 
were supplied with thiamin at the rate of 0.01 and 0.05 mg. per 
liter. He concluded that, “results do not support the view that 
intact plants grown from seed can benefit from additions of thia- 
min to an otherwise favorable nutrient medium”. Similar observa- 
tions were made by Minnum (1941a and 5) with radish and cauli- 
flower, Gorham (1941) with Z/emna, Hamner (1940) with cab- 
bage, cocklebur, cosmos, dahlia, mustard, radish and zinnias, and 
Swartz (1941) with chrysanthemum, marigold and cosmos. 

Several other vitamins have also been studied with regard to 
their action on intact plants. According to Dennison (1940) ribo- 
flavin has a beneficial effect on egg plant and tobacco growing in 
sand culture but Minnum (1941t)) was unable to detect any action 
of this vitamin on radish or cauliflower cultured in a similar man- 
ner. The latter also found pyridoxine and pantothenic acid ineffec- 
tive. The same was established for nicotinic acid (Swartz, 1941). 
Havas recorded that ascorbic acid was beneficial to the germination 
of wheat seeds. It also favors the growth of tobacco plants accord- 
ing to Dennison (1940). 

For a long time the favorable effect of various substances on 
the development of embryos has been suspected. Xanthine, hypo- 
xanthine, guanine, and nucleic acid are now known as beneficial to 
the embryo of wheat. Pyrimidine derivatives seem to be among 
the active principles contained in bacterial infusions of peat studied 
by Bottomley in his early work on auximones. 

General observations such as those of Dagys (1935, 1936) are 
also of value. He showed that the young tissues of certain trees, 
and also the sap produced in the spring by birch are rich in growth 
factors of the bios type. They can be assayed by the yeast test 
and thus their production and activity can be followed throughout 
the course of the year. In the spring when trees emerge from the 
dormant condition and growth is active these growth factors cer- 
tainly play an important part in the metabolism of the plant. 

We should like to emphasize the fact that, although the leaves, 
are autotrophic concerning growth factors, the embryos, young 
roots, and cuttings are partially heterotrophic with respect to 
certain of these factors. This hetero trophism affects particularly 
the young embryonic organs which may later become autotrophic. 
There are indications that fully developed plants may be deficient 
in their ability to synthesize certain vitamins and as a consequence 
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respond to an exogenous supply. It is not certain that a favorable 
response of a plant to a vitamin is always the result of a loss in 
its capacity for synthesis. When a vitamin is active only if sup- 
plied in large quantities it is very likely that the action is non- 
specific and not essential. 

Another striking observation is that in a number of cases sev- 
eral factors are involved. The importance of thiamin is clearly 
demonstrated by the fact that it is always found as an essential 
growth factor. There is unquestionably a certain unity among the 
various losses of capacity for synthesis which affect the various 
organs of different plants often widely separated systematically. 
In order to arrive at these conclusions it was necessary to isolate 
the various organs and tissues and study them separately. Conse- 
quently the results obtained from such cultures are somewhat arti- 
ficial. Nevertheless they give precise information concerning the 
chemical correlations between various organs, e.g,, leaf — root. 

Pollen grains and pollen tubes. — Pollen grains must be con- 
sidered as heterotrophic because they develop at the expense of 
the tissue of the style. Nevertheless, many pollen grains are rich 
in growth factors. They are particularly rich in thiamin or its 
components since a dialyzate from pollen has a strong growth pro- 
moting action on Phycomyces (Schopfer 1934). Furthermore, 
Brandscheidt (1980) observed that the pollen grains of Tulipa 
and Cornus, placed in distilled water, definitely favored the germi- 
nation of spores of fungi and the growth of the thallus {PhycO’- 
myces, Mucor strictus, Rhizopus, Cunninghamella') , 

Brink (1924), studying the culture of pollen grains in artificial 
media, found that yeast extract considerably favored the growth 
of pollen tubes and that the active principle in the extract was 
thermostabile. It is not necessarily of an organic nature since 
boron in very weak dosage is definitely known to favor germination. 
However, it is very likely that thiamin may turn out to be the 
active principle in yeast extract. Recently it has been noted that 
germinating pollen grains exercise a mutual stimulation upon one 
another and that extracts of embryonic tissues have a strong action 
on pollen which is apparently of hormonal nature. Nevertheless, 
vitarnins also play a part. Vitamin Bx increases the percentage of 
germination of pollen of some varieties of Carica quercifolia (Dan- 
nniKER, Cooper and Traub, 1938; and Cooper, 1939). Natural ribo- 
flavin is the most active substance on pollen, but, since it is con- 
taminated by boron, the activity must be attributed to the latter. 
Vitamin C also has marked activity. It is natural that the germina- 
tion and growth of the pollen tube should depend upon the factors 
present in the tissues of the style and the ovary. The principal vita- 
mins, acting as essential regulators in the higher plants are thia- 
min, nicotinic acid, pyridoxine, and ascorbic acid. Nothing is 
known concerning the actions of vitamins K and E. The latter is 
kno wn to have an inhibiting effect on Melandrium album (Schop- 
fer and Blumer). 
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Chapter VIII. 

THE BIOSYNTHESIS OF VITAMINS. 

Despite its great importance, the biosynthesis of the principal 
vitamins is poorly understood. 

Vitamin A and carotinoids. — Although the relationships 
between the carotinoids and plastids (chromoplasts) are well 
known since the work of Guilliermond and his school, our knowl- 
edge of vitamin A is quite limited. Recently, Joyet-Lavergne 
(1936, 1937) applied the Carr-Price reaction in a microchemical 
study of plant and animal ceils (fish liver, and the Sporozoa, Stei- 
nina ovalis and Gregarina polymorpha) . In this work the provita- 
min and vitamin A were determined jointly, since they can not 
be distinguished by the microchemical application of this reaction. 
Plants widely separated taxonomically gave a positive reaction: 
Iris germanica, Crinum PowelU, Zea Mays, Acer sp., Linaria cym~ 
balaria, Elodea canadensis, Phaseolus sp., algae such as Zygnema 
pectinatum, higher fungi such as Saccharomyces Ludwigi, Nadsonia 
fulvescens, Spermophthora Gossypii, and lower fungi such as 
Pythium deBaryanum, The blue tint produced by the carotinoid 
test is localized for the most part in the chondriome and the nucle- 
olus, appearing in the plastids or, more specifically, in the mito- 
chondrial region of the plastids. This might tempt one to assume 
that vitamin A is a constituent of the chondriome and the nucle- 
olus. But since the reaction is not specific the best that can be 
done is to assume that the color produced in the animal cell is due 
to vitamin A, whereas that produced in the plant cell is due to one 
or several carotinoids formed there. This suggests that the trans- 
formation of carotene into vitamin A occurs in the chondriome, a 
view entirely in agreement with the available knowledge of the 
origin of carotinoids in plant cells. These yellow pigments arise 
in the chromoplasts, which in turn are formed either from leuco- 
plasts or from -chloroplasts following the degeneration of chloro- 
phyll. Since the plastids are formed from the chondriome, and 
since the latter is known to play an important role in syntheses, 
the logical seat of vitamin A production is the chondriome. Al- 
though the presence of preformed vitamin A in plants is not pre- 
cluded, no actual study of this problem has been made. An investi- 
gation of the action of various plant extracts on carotene in vitro 
might yield information concerning the existence of a carotinase 
in plants. 

Even if the chondriome can be demonstrated as the seat of 
synthesis, carotinoids in other parts of the cell must be accounted 
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for, e.g,y those adsorbed on chondrioconts or found in liquid or 
solid state in chloroplasts or leucoplasts, in emulsoid or solid condi- 
tion in the cytoplasm, or even dissolved in the vacuole. 

The synthesis of carotene is for the most part carried on by 
plant cells, though carotene may occur endogenously in animal 
cells. The latter are characterized by their ability to transform 
carotene into vitamin A by enzymatic action (hydrolysis). Con- 
clusive proof for this statement requires that this transformation 
be carried out m vitro. However, the existence of a carotinase 
acting in vitro has not yet been demonstrated with certainty. 
Recently Willstaedt showed that a culture of animal tissue (fibro- 
blast) in a medium lacking vitamin A could be improved by the 
addition of pure carotene but only in the presence of a small frag- 
ment of liver tissue (the liver is the organ in which this trans- 
formation occurs in the living animal). This demonstration is 
not conclusive proof of carotinase activity because the favorable 
action of the fragment of liver might have been due to other sub- 
stances supplied. 

The conditions associated with the appearance of carotinoids 
are well known in various groups of plants. 

Fungi, — In Mucor hiemalis the production of carotinoids, dis- 
solved in the fats of the hyphae, is largely dependent upon the 
composition of the medium. The optimal production occurs only 
when the carbon-nitrogen ratio is correct (the nitrogen being fur- 
nished in the form of asparagine) (Schopfer, 1928). In Phyco- 
myces Blakesleeanus the carotene occurs probably in the ^-form 
or a closely related carotinoid as indicated by the marked vitamin 
A activity of extracts from this fungus (Schopfer and Jung, 
1935). The carotene content of the thallus has been assayed spec- 
troscopically and biologically. It rises as the supply of asparagine 
in the medium is increased, reaching 0.09 to 0.1 per cent when 
the concentration of asparagine is advanced to 0.4 per cent. When 
the cultures are kept in the dark or in red light they remain white, 
but in blue or violet light they produce carotinoids abundantly. The 
latter wave lengths are strongly absorbed by carotene and appar- 
ently are the most favorable to its synthesis in this organism. 

Rhodotorula ruhra, which likewise is rich in carotinoids, re- 
quires an independent source of carbon for their synthesis. Gly- 
cerol, in particular, permits abundant pigmentation^ (Fromageot 
and Tchang, 1938). 

Bacteria, — Mycobacterium Phlei has served to demonstrate the 
conditions required for carotinoid formation (assayed colorimet- 
rically) (Ingraham and Steenbock, 1935). Glycerol again is 
the most active agent for the production of carotinoids, although 

^In the presence of glycerol, the pigmentation is maintained as with lactic 
acid -f- glucose. In the presence of glucose alone as the source of carbon, the 
pigmentation disappears rapidly. This destruction is certainly dependent upon 
the presence of catalase which is found in abundance wherever there are large 
quantities of carotinoids. If catalase becomes deficient, H2O2 destroys the 
carotinoid pigments. 
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it does not greatly increase the number of cells (Fig. 6). The fol- 
lowing alcohols, methyl, ethyl, n-propyl, n-butyl, isobutyl and n- 
amyl, also favor the formation of pigments. Isopropyl alcohol has a 
particularly marked effect, comparable with that of glycerol or of 
ethylene glycol. With the latter the pigmentation reaches 3280 Y 
units as compared with 50 Y units produced by the control. On the 
other hand, y5-ionone and concentrates of vitamin A are ineffective. 
The composition of the medium influences not only the quantity 
of pigments produced but also the relative proportions of the vari- 
ous carotinoids. In Mycobacteriwm Phlei the following have been 
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Fig 6. — Synthesis of carotinoids by MycohacteriuTm Phlei (from Ingra- 
BAM and Stebt^bock, 1935). 1, total pignnents; 2, weigrht of cells with 5% 

grlycerol. la, total pifirments; 2a, weight of cells with 10% glucose- 

zeaxanthin, of azafrin, and of cryptoxanthin. In the case of this 
bacterium, light is not required for the biosynthesis of carotinoids. 

Algae: In the algae, carotin formation is largely dependent on 
an unbalanced condition of the medium (F. Chodat, 1938). This 
lack of balance arises from the impoverishment of the medium in 
nitrogen. The absolute concentration of glucose and light is unim- 
portant (F. Chodat and F. Meier). In the green alga, Dictyo- 
coccus cinnahariTiuSy the production of pigments can be followed 
throughout the course of its culture. In a medium favorable to 
carotin production the accumulation of carotinoids in cultures con- 
tinues for several months. The esterified xanthophylls accumu- 
late very rapidly from the third to the sixth week and, during that 
time, they are twice as abundant as carotenes. During this early 
period the xanthophylls diminish progressively as they are being 
esterified (F. Chodat and F. Wenzhstger, Wenzinger, 1940). 

The flagellates behave differently (A. and M. Lwoef, 1930). 
The carotene is localized in the eye spot, a structure found even 
in forms lacking chlorophyll such as Polytorna uvellci. Hemato- 
coccus pluvialis, growing on a medium composed of mineral salts 
and asparagine or peptone, is stimulated by the addition of sodium 




Chapter VIII 


— 83 — 


Biosynthesis of Vitamins 


acetate to produce carotinoids in such, quantities that they mask 
the chloroplasts. This synthesis is entirely independent of the 
concentration of the medium, the pH (between 6.3 and 8.6), and 
light. 

The first impression gained from studying the above groups of 
organisms iMucoraceae, red yeasts, bacteria, and Chlorophyceae) 
is that they differ widely with respect to the biosynthesis of caro- 
tin. The higher plants present additional differences. 

Emphasis should be placed on the fact that the carotinoids 
found in microorganisms have vitamin A activity and that they 
function as the provitamin. Vitamin A activity has been observed 
in: Chlorella (Coward), Nitschia closterium (Jameson, Drum- 
mond and Coward, and Ahmad), in phytoplankton in general 
(Drummond and Gunther), Chlorococcus (Gunderson and Skin- 
ner), Trentepohlia aurea (Lederer), in lichens (EUDIS, Paumer, 
and Barnum), in Rhodotorula Sanniei and PhycoTYiyces Blakeslee- 
anus (SCHOPFER and JuNG, 1935). 



Fig. 7. — Carotene content of Dutch Sweet Clover in relation to temperature and 
li^ht intensity (from Beck and Redman, 1940). The Roman numerals on the 
abscissa designate the months of the year. 

Flowering plants. — In higher plants the biosynthesis and con- 
tent of carotinoid are dependent upon various factors, some of 
which are now known for Pisum (Torstoi variety) through the 
work of ViRTANEN and his school. In general, all conditions which 
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favor the development of the plant also increase the percentage of 
carotinoids. The bacteria of the soil do not exert a direct eifect, 
but act indirectly by favoring the fixation of nitrogen in the soil 
(ViRTANEN and collaborators, 1933). 

When the plants are cultivated in a synthetic medium in quartz 
sand, KNOs is a more favorable nitrogen source and more effective 
than (NII 4 ) in the production of carotene. The carotene con- 
tent is highest at the time of flowering (0.2 per cent of the dry 
wt.) (Pisum, Phleum pratense, Dactylis glomerata) . Subsequently 
it diminishes rapidly (Fig. 7). In following the variation in caro- 
tene content in Dutch Sweet Clover throughout the year, the 
maximum occurs during April regardless of temperature and light 
intensity. However, any relation which might exist between those 
environmental factors and carotene content is indirect (Beck and 
Redman, 1940). The maximal carotene content coincides with 
the beginning of intensive growth (Fig. 7). 

The probable mechanism involved in the biosynthesis of caro- 
tene is best studied in fruits with high carotinoid content. In 
tomatoes, Duggar (1913) showed that light is not required for 
reddening of the fruit (formation of lycopin), but that a tempera- 
ture of less than 30 ^C. and the presence of oxygen are essential. 
An atmosphere of nitrogen or hydrogen causes the fruit to decom- 
pose. This temperature relationship may possibly be associated 
with the inhibition of an enzyme. The results concerning tempera- 
ture and light have been confirmed. 

The fruit and calyx of Physalis Alkekengi are deep red in color 
and contain physalin {dipal'mitic ester of zeaxanthin, C ^oHseCg ) 
(Kuhn and Wiegand, 1929). At first the calyx is green and con- 
tains chlorophyll, lutein, and carotene, but as it turns yellow the 
carotene content increases and the xanthophylls decrease. At 
maturity, physalin is abundant and the free xanthophylls which 
remain are represented particularly by zeaxanthin. These chem- 
ical changes might lead to the assumption that phytol which is lib- 
erated upon the decomposition of chlorophyll is made available for 
the synthesis of carotenes. Upon oxidation lycopin forms cyclic 
compounds and can give rise to oxides of carotinoids, which after 
esterification may lead to the formation of physalin. Esterifica- 
tion immobilizes the pigment in the form of reserves. However, 
the amount of phytol present in the calyx and the berries of Phy- 
salis is not large enough to explain the formation of 0.6-1. 0 per 
cent zeaxanthin (computed on the basis of dry weight) . Hence, 
it is necessary to conclude that the phytol exists as a reserve or is 
formed de novo. 

According to a hypothesis advanced by Karrer and his stu- 
dents, a dehydrogenation of phytol occurs, followed by a condensa- 
tion, which leads to the formation of lycopin and then carotene 
(see EArrer and Walker 1934, and Walker 1935). Phytol is 
therefore fundamental to the synthesis of chlorophyll and caroti- 
noids, part of it being used in the formation of each of these pig- 
ments. The production of phytol for use in carotene formation 
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probably is not delayed till the time of fruiting as might be sus- 
pected, but it continues throughout the life of the plant and thus 
provides a reserve of phytol for the rapid formation of carotene 
during the ripening period. 

Wenzinger (1940) applied this hypothesis for the derivation 
of carotene from phytol to the autotrophic green alga, Dictyococcus 
cinnaharinus. It has also been advocated by Lubimenko. Accord- 
ing to the proposed scheme, isoprene compounds undergo a con- 
densation into protoph 5 rtol. The latter may possibly have a unique 
orientation toward the carotinoids. In the case of the green plants 
the reaction may proceed in either of two directions: 1) proto- 
phytol carotinoids, or 2) protophytol phytol chlorophyll. 
The direction in which the reaction goes is probably dependent on 
the nutrition of the plant. This problem can be studied more 
advantageously in algae than in higher plants. 

According to F. Chodat, carotinogenesis is of two different 
types, one of spontaneous nature, Le., independent of the medium, 
the other induced by the medium. In the latter case, the composition 
of the medium is the controlling factor in the production of caroti- 
noids. This action can be explained as follows : if the alga receives 
a normal supply of nitrogen, the carbon will be used up indis- 
criminately for the synthesis of proteins and lipides. If the nitro- 
gen content of the medium is increased, protein synthesis is accel- 
erated until it uses up all the available carbon leaving none for 
the synthesis of lipides and the accompanying synthesis of caroti- 
noids. If the nitrogen supply is decreased the synthesis of lipides 
and carotinoids will be increased. This hypothesis is very attrac- 
tive but unfortunately lacks experimental support. Moreover, the 
relation existing between the production of lipides and that of 
carotinoids is not understood. 

Functions of carotinoids. — There is still very little known 
concerning the function of these substances. It has been proposed 
that they intervene ecologically in various ways: for protection, 
particularly in the case of amylase, against ultra-violet rays, as a 
sensitizer or transformer of energy, etc. The most interesting 
function is the absorption of blue and violet light by carotene, 
producing phototropisms in Phycomyces (Bunning) and the 
Avena coleoptile (Johnston). The fundamental role of carotene 
is undoubtedly due to its great capacity to absorb oxygen. Accord- 
ingly it should function as an oxygen carrier and an antioxidant. It 
probably acts in conjunction with an enzymatic system (see p. 
187), although no factual data are as yet on hand. If more infor- 
mation were available concerning the function of carotene it would 
be easier to determine the mechanism involved in its biosynthesis. 

The general conclusion which can be drawn concerning the 
mechanism of carotene synthesis in all organisms containing chloro- 
phyll is that phytol acts as a precursor. In organisms lacking 
chlorophyll, the mechanism of synthesis, although simple, is still 
obscure. In non-green plants each group seems to require a specific 
carbon source for carotinogenesis : an excess of glucose for the 
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Mucoraceae, glycerol for Mycohacteriv/m Phlei and Rhodotomla 
Sanniei, and sodium acetate for Hematococcus pluvialis. The car- 
bon source is not the sole activator since asparagine, which supplies 
both carbon and nitrogen, favors the formation of carotinoids in 
the alga Dictyococcus and the fungus Phy corny ces. The only ex- 
planation for the production of carotinoids is that given by the 
author in 1928, viz.y since an excess of carbon favors the synthesis 
of lipides, the synthesis of carotinoids is thought to be comparable 
to it although the mechanism involved is still unknown. Regard- 
less of what happens in the synthesis of lipides, the explanation of 
the biosynthesis of carotinoids in green plants must take into 
account the effect of the carbon-nitrogen ratio of the medium. The 
importance of this ratio has been demonstrated in the case of the 
Mucoraceae (Schopfer, 1928). 

Vitamin E (a-tocopherol). — This fat soluble vitamin is 
also synthesized from phytol (Karrer and Demole, 1988) . Despite 
the high a-tocopherol content of certain plant organs, wheat germ 
(embryo) in particular, we know almost nothing concerning its 
biosynthesis. It is localized for the most part in the chloroplasts, 
where it reaches a concentration of 0.08 per cent as compared with 
only 0.002 per cent (on dry wt. basis) in the cytoplasm (Dam, 
Glavind and France) . In the wheat germ, which is high in 
a-tocopherol but low in chlorophyll, the synthesis of this vitamin is 
probably dependent upon other cytoplasmic constituents. The pres- 
ence of the vitamin in the chloroplasts may be merely the result 
of a previous synthesis during the formation of the green plastids, 
e.g., in the mitochondria (chondriome) . The whole problem is 
open for investigation. 

Vitamin K. — The biosynthesis of this fat soluble vitamin 
has been studied much more extensively than that of a-tocopherol 
(Dam, Glavind and Nielsen, 1940) . Vitamin K is of particular 
interest to botanists since, like chlorophyll it contains phytol (see 
p, 45). This vitamin is mostly confined to the chloroplasts, where 
it represents 0.006 per cent of the green weight; the cytoplasm 
contains only 0.0001 per cent (cabbage). Dam and his collaborat- 
ors have studied the action of light on the biosynthesis of vitamin K 
in the embryos of Picea canadensis. They showed that plants 
grown in light produce more than twice as much vitamin K as 
those grown in the dark: 

VITAMIN K,y NO. OF PLANTS 

seeds 0.0004 

plants in the light 0.039 5300 

plants in the dark 0.018 3400 

The vitamin K content of the seeds is so small that the increase 
observed was undoubtedly due to a subsequent synthesis. The sur- 
prising fact is that vitamin K can be synthesized in the dark. 
Pisum, on the other hand, is unable to synthesize this vitamin in 
the dark. The fact that seedlings of Picea canadensis form chloro- 
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phyll and vitamin K even in darkness raises the question of a 
possible direct relationship between chlorophyll and vitamin K. A 
comparison of the plants grown in the dark with those grown in 
light shows readily that the chlorophyll content varies directly 
with the vitamin K content. These data suggest a relationship be- 
tween the two similar to that assumed for carotene and chlorophyll, 
Le., their synthesis is dependent on the presence of free phytol. 
But this view is not supported by the fact that the disintegration 
of chlorophyll in autumn is not accompanied by an increase in the 
vitamin K content. On the other hand, investigations with vari- 
egated leaves show that vitamin K is found in the areas lacking 
chlorophyll. It is possible, however, that this vitamin originated 
in adjoining green regions. Nevertheless, it is certain that the 
phytol group can be synthesized in the absence of light. For the 
present it can be assumed that the cells which contain many chloro- 
plasts also contain large amounts of available phytol in the form 
of reserves for later use elsewhere in the plant. It is quite possible 
that the chloroplasts represent the main seat of vitamin K forma- 
tion, although there is no indication that the synthesis of vitamin K 
is directly dependent upon the activity of chlorophyll. Two syn- 
theses from phytol may occur: phytol — > vitamin K, and phytol — > 
chlorophyll. These syntheses may go on simultaneously, but that 
of vitamin K may also take place independently, viz,, from phytol 
translocated from the chloroplasts. Likewise vitamin E which ^Iso 
contains phytol, must be formed in the dark from phytol translo- 
cated to the embryo. 

Furthermore, it is necessary to consider the relationship be- 
tween vitamins K and E. Their distribution is by no means identi- 
cal. Yet the eventual transformation of the one into the other, 
either in the chloroplasts or in places where both are found in 
abundance, is not precluded. 

The analogues of vitamin K occurring in plants are not well 
known. Those which are inactive on test animals may be active 
on plants. 

In the case of the fat soluble vitamins, phytol plays an impor- 
tant role since it represents an essential constituent, or a starting 
point for the three vitamins : 

■CHLOROPHYLL PHYTOL 

^VITAMIN E 

r 

ISOPRENE RESERVES- - PHYTOL ►VITAMIN K 

CAROTENOIDS 

Vitamin Bi. — Nothing is known concerning the cytology 
of this water soluble vitamin. It has been shown that either thia- 
min or its product of dehydrogenation, thiochrome, is able to pene- 
trate into the cytoplasm and the vacuole of Allvum (upper epider- 
mis of the bulb scales) . No information is available regarding the 
location of the vitamin in the cell. The colorimetric tests used for 
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the determination of thiamin m vitro are not applicable to a micro- 
chemical study. 

As far as the water soluble vitamins, thiamin, riboflavin, and 
pyridoxine, are concerned, it can be said that the active form of 
any of these is represented by a coenzyme bound to a proteinaceous 
substance. While the active form is found only in the cytoplasm, 
the free form can accumulate in the vacuole where it normally crys- 
tallizes at times, e.g,^ riboflavin (see p. 148). Obviously the com- 
bined form (vitamin 4- carrier) is difficult to test chemically since 
the vitamin proper (the active group giving the color reactions) , 
represents only a small part. 

By comparison the metabolism of thiamin in the plant is much 
better understood. This vitamin is abundant in seeds (cotyledons) , 
decreases somewhat during the course of growth, is formed again 
in the new seed and accumulates there (Hlavaty). W. Rytz jr. 
(1939) was able to follow the production of this vitamin in pea 
plants by means of the Phycomyces test. It is possible, however, 
that this test does not detect substances formed during the course 
of development which are analogous to thiamin and have a similar 
vitamin action. J. Bonner and Bijchman (1938) have been able 
to show that peas require and are able to utilize a thiamin active on 
Phycomyces, but that it manufactures analogous substances which 
are inactive on Phycomyces. This observation, like that of Rytz, 
brings up the problem of the multiplicity of thiamins. Various 
homologues and analogues are known to have marked physiological 
activity despite the fact that their chemical structure differs more 
or less from that of normal thiamin. A thiamin in which the CHa 
group in position 2 of the pyrimidine portion is replaced by a C 2 H 5 
exhibits a greater activity than the typical thiamin on micro- 
organisms, particularly Phycomyces. 

Bonner and Greene (1938) working with pea seedlings, 4 cm. 
in length (epicotyl), divided them into two lots, one of which was 
placed in light, the other in the dark. After eight days, they 
assayed the thiamin in the terminal bud, in the leaves, and in the 
root {Phycomyces test) and found that the roots of the plants 
grown in light contained two and a half times more thiamin than 
those grown in the dark, whereas the leaves and terminal bud 
contained three times that amount. The young tissues are there- 
fore very active in synthesizing thiamin. Similar observations have 
also been made by Rytz jr. 

Ondratschek (1940) working with the green alga Hemato- 
coccus pluvialis also found that light favors the synthesis of thia- 
min. This alga, grown in the dark on a mineral medium without 
sugar, requires principally thiamin as a growth factor. When 
grown in light with sodium acetate and asparagine, it requires 
chiefly ascorbic acid ; and although thiamin is beneficial it is 
not essential for growth due to the fact that it is synthesized in 
insufficient quantity. When the alga is grown in the dark with 
acetate and asparagine, thiamin becomes the essential factor be- 
cause it cannot be synthesized- 
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The thiamin synthesized in the leaves must be translocated to 
the roots which are more or less heterotrophic for this factor. 
Tomato roots are able to synthesize pyrimidine and are therefore 
dependent on the leaves for only thiazole, whereas pea roots are 
dependent on the leaves for both pyrimidine and thiazole. 

The study of the vitamin requirements of embryos and roots 
makes it possible to obtain detailed information concerning* the 
biosynthesis of thiamin. Pea roots, since they do not require 
thiamin but can utilize its two components, obviously have the 
ability to unite the two components into a thiamin molecule. This 
step in the biosynthesis of thiamin is similar to that of its chemical 
synthesis m vitro. 

It is possible to trace the biosynthesis of thiamin even further. 
Instead of starting with pyrimidine and thiazole as precursors, 
Bonner and Buchman (1938) used the precursors of thiazole, 
thioformamide and chloracetopropyl alcohol. These precursors rep- 
resent the constituents from which thiazole can be synthesized m 
vitro. When these two constituents of thiazole are supplied along 
with pyrimidine to pea roots, growth is as good as when thiamin 
is supplied- Thus the root is able: 1) to synthesize thiazole from 
its precursors, and 2) to synthesize thiamin from its components. 
However, the pea root is evidently unable to synthesize either the 
precursors of thiazole or the comi>onents of thiamin since these 
have to be supplied. The ssmthesis of thiazole can also be accom- 
plished with acetopropyl alcohol m vivo, but not m vitro. 

The chemical synthesis of thiamin consists principally of three 
operations: 1) the synthesis of pyrimidine, 2) the synthesis of thia- 
zole, and 3) the union of the two components into a molecule of 
thiamin hydrobromide and the transformation of the latter into 
the hydrochloride. Pea roots are able to carry out two of these 
operations : the synthesis of thiazole from its components, and the 
union of thiazole and pyrimidine. It is not known whether pea 
roots are able to utilize the precursors of pyrimidine. Pea roots 
do not necessarily have to receive the whole thiamin molecule from 
the leaves, since pyrimidine and the precursors of thiazole are 
able to serve the same purpose. To bring about the union of com- 
ponents of thiazole and thiamin, specific enzymes undoubtedly are 
required, although they have never actually been demonstrated. 

The metabolism of thiamin and analogous substances in peas 
presents additional points which must be clarified. It has already 
been stated that pea roots are able to utilize substitution products 
of thiamin which are inactive on Phycomyces. The extracts of 
roots grown with these products are inactive on Phycomyces. Thus 
it is impossible to assume that these substitution products are 
transformed into true thiamin. It is necessary to consider the 
analogues of thiamin as different from the latter. 

The fate of thiamin during the growth of green plants is not 
know in detail. However, the vitamin is known to be esterified 
with pyrophosphoric acid to form cocarboxylase. Thiamin is active 



W. H. Schopfer 


— 90 — 


Plants and Vitamins 


only by virtue of the cocarboxylase which it helps produce, but its 
ultimate fate is unknown. 

The fate of thiamin in Phycomyces is better known. After it 
has been absorbed by a mature culture, the thiazole component is 
destroyed. This probably is the first stage in the thiamin cycle 
(see p. 117). It is unknown whether the same changes occur in 
higher plants (J. Bonner and Buchman, 1938). 

Thiamin is probably the best known vitamin found in plants. 
It represents the first example of vitamin correlations between the 
various organs of the plant (leaf and root). In addition, it illus- 
trates the production, evolution, transformations and accumula- 
tion of a vitamin throughout the entire course of development. 
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Chapter IX. 

THE BIOSYNTHESIS OF VITAMINS (Contd.)^ 

Vitamin C. — This vitamin is closely related to the sugars 
and, according to the observations of Giroud and his collaborators, 
is formed mainly in green tissues. However, vitamin C occurs 
also in non-green tissues of higher plants and a very similar sub- 
stance is found in fungi. Despite these facts Giroud's observations 
resulted in numerous attempts to localize the seat of vitamin C 
synthesis in the chloroplasts. 

Cytology. — The Molisch reaction (1921) which consists of a 
reduction of AgNOs by the plant cell, occurs only in the chloro- 
plasts. On the basis of this early evidence, Giroud and his stu- 
dents (1934a) attributed the reducing action in the chloroplasts to 
ascorbic acid and perfected the test for ascorbic acid by acidulating 
the silver nitrate. This improved test, when applied to the fruits 
of Capsicum annuum, brings about a pronounced blackening of 
the plastids. Not all tissues containing chlorophyll react in the 
same manner. In Gladiolus, which is known to be rich in ascorbic 
acid, Pekarek observed a blackening of the reticulum of the chloro- 
plast, while the grana of chlorophyll remained unstained. A black- 
ening of the chloroplasts of Polygonatum multiflorum was seen by 
Weber in all cases except one in which the opposite reaction took 
place, i.e., the cytoplasm became blackened but not the plastids. 

Giroud’s test lacks specificity and, in fact, no satisfactory test 
for the study of the histochemistry of ascorbic acid is available 
at the present time. 

An explanation of the Molisch reaction has been proposed by 
Gaxjtheret (1935) and accepted by Mirimanoff (19386). De- 
spite Giroxjd's statement that the reduction of silver nitrate can be 
obtained in the dark, Gautheret advanced the very plausible hy- 
pothesis that the reduction is in reality a photolysis of AgNOa, iR 
which the chlorophyll acts as an optical sensitizer irrespective of 
ascorbic acid, and that the chloroplasts represent merely the me- 
dium in which this reaction takes place. This hypothesis refutes all 
other hypotheses according to which chlorophyll and ascorbic acid 
are directly responsible for the reduction of silver nitrate. 

In this discussion it is necessary to distinguish two phenomena 
and, accordingly, two categories of arguments: 1) the coexistence 
of ascorbic acid and chlorophyll and the production of the former 
dependent on the latter, and 2) the reduction of AgNOs by ascorbic 
acid in the chlorophyll containing regions. The merits of the 
various arguments will be apparent from the following discussion 
of the mechanism of biosynthesis of ascorbic acid. 
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One fact is certain — with few exceptions, seeds are devoid of 
vitamin C. They must, however, contain a precursor of ascorbic 
acid since the vitamin is formed upon g'ermination. For a long 
time vitamin charts have shown that barley seeds have no anti- 
scorbutic value, whereas young seedlings are clearly active. Accord- 
ing to Harris and Fay (1933) the increase in ascorbic acid in 
Pisum during the course of development is as follows : 


MG. 

seeds before germination 0 

seeds soaked for 24 hours (not germinated) 0.08 

seeds germinated for 24 hours 0.69 

seeds germinated for 72 hours 0.82 

seeds germinated for 96 hours 0.86 


(assay by the method of Tillmans, reduction of 
2,6-dichlorophenolindophenol) . 

For certain seeds {Oleaceae) the maximum content is attained at 
the end of a 24 hour germination period. 

In the later development of the plant ascorbic acid is formed 
continually in its green organs as well as in those lacking chloro- 
phyll (GiROim et al. 1934b, Randoin et al. 1935). The work of 
Reid (1937) shows that the accumulation of ascorbic acid is inde- 
pendent of chlorophyll and that the highest concentration of this 
vitamin is found in actively growing organs, particularly in the 
regions of elongation, leaf buds and floral buds. The corolla lacks 
chlorophyll but contains more ascorbic acid than the green calyx. 
According to the work of Glick (1937) on barley seedlings the 
vitamin C content of the coleoptile decreases regularly, whereas 
that of the enclosed first leaf increases from the 5th day at which 
time this structure is green but not yet very active in photo- 
synthesis. 

One point on which all observations agree is that leaves have a 
higher ascorbic acid content than other parts of the plant. The 
maximal content in the leaf is reached just before flowering. 
Afterward, the amount decreases rapidly. 

Although there seems to exist a certain relationship between 
ascorbic acid and chlorophyll, it is apparently not causal in char- 
acter but merely the result of their parallel behavior. Dirschen- 
DORFER (1937) states that fruits with well developed chlorenchyma 
(rose, paprika) contain more ascorbic acid than those with poorly 
developed chlorenchyma (apple, pear). These differences may be 
caused by the previous activity of chlorophyll, or by other phe- 
nomena linked with chlorophyll activity but they do not prove 
that there is any direct effect of photosynthesis on the synthesis 
of ascorbic acid. 

The interpretations of the results are contradictory. This fact 
demonstrates that the relationship between photosynthesis and 
ascorbic acid cannot be determined by a superficial study of bio- 
synthesis. Rather it is necessary to study experimentally the prob- 
able mechanism of the biosynthesis of vitamin C starting with 
the possible precursors. 



W. H. Schopfer 


— 94 


Plants and Vitamins 


The nature of the precursors has been determined experiment- 
ally through the culture of excised embryos, i.e,, after the removal 
of their cotyledons. We recall from the work of voN Hausen 
(1936) that these cultures require ascorbic acid during the early 
stages of development, but that later they become able to synthesize 
this growth factor. Since little, if any, photosynthesis occurs in 
these cultures, the synthesis of this vitamin must take place at the 
expense of a carbon source of the mineral medium, which may well 
be a sugar. Actually, Ray (1934) demonstrated that in sterile 
synthetic media, mannose can be considered as the precursor since 
it permits an abundant formation of ascorbic acid by excised 
embryos. 

The synthesis of ascorbic acid is not confined to plants. Extracts 
of animal organs such as the spleen, liver, and cardiac muscles are 
likewise capable of synthesizing ascorbic acid in vitro from man- 
nose. The mechanism of the transformation is enzymatic in nature, 
the enzyme being a dehydrogenase which can be extracted from 
the organs in question (Guha and Ghosh, 1934 and 1935). A 
similar enzyme, capable of synthesizing ascorbic acid from man- 
nose, has been extracted from germinating seeds of Phaseolus 
mungo. The mechanism is therefore well established. The syn- 
thesis of ascorbic acid by extracts from living organisms is essen- 
tially similar to that of the chemical laboratory in that sugars serve 
as the starting material. In the latter xylose or sorbose is the 
sugar employed. The typical vitamin C is Z-xylo-ascorbic acid ; the 
analogues obtained with other sugars are of lesser activity. If the 
ascorbic acid produced in these experiments on biological synthesis 
is actually the same as that obtained from xylose by ordinary 
chemical synthesis, the organism obviously must convert mannose 
into xylose as one of the steps in this biosynthesis. 

These strictly chemical reports enable us to discuss critically 
the relations between photosynthesis and the biosynthesis of ascor- 
bic acid which some workers have attempted to establish in a super- 
ficial manner. If a sugar must serve as the basis for the synthesis 
of ascorbic acid in vitro and in vivo, it is only natural that the 
biosynthesis of ascorbic acid occurs where the sugar is formed in 
the greatest quantity, i.e., in the chloroplasts. This explains why 
the green tissues are usually the richest in ascorbic acid. How- 
ever, if only sugar is required for the biosynthesis of ascorbic acid, 
the presence of chlorophyll is not essential. Young seedlings which 
have not yet turned green and are not able to carry on an appre- 
ciable amount of photosynthesis, are able nevertheless to synthe- 
size ascorbic acid from a precursor of carbohydrate nature fur- 
nished by the reserves of the seed. Later on, when the plant is 
completely autotrophic, it is only natural that ascorbic acid should 
be more abundant where the sugar is synthesized. Nothing is 
known, however, concerning the manner in which this enzymatic 
synthesis is connected with photosynthetic activity. Nor is it 
known at what time or level of photosynthesis the S3rnthesis of 
ascorbic acid begins. 
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Certain experimental results support the view that the synthesis 
of ascorbic acid is linked with phorosynthesis. K. and M. Weissen- 
BOCK (1940) observed that seedlings obtained from intact seeds 
(oily seeds: Helianthus, Cucurhita, Raphantcs, Papaver; or starchy 
seeds: Zea^ Avena, TritiGwrri) and cultivated in light without CO 2 
maintain their ascorbic acid content at the same level as those 
supplied with CO 2 . On the other hand, plants grown from seeds 
deprived of their reserves and cultivated without CO 2 (no photo- 
synthesis) undergo a detectable decrease in their ascorbic acid 
content. But not all species behave alike. Seedlings of Vida faba 
deprived of their cotyledons do not suffer a great decrease in ascor- 
bic acid content, indicating a greater independence of ascorbic acid 
synthesis and photosynthesis. 

F. Weber (1940) found that rhizomes of Stachys, which had 
become green under the action of light, contained more ascorbic 
acid than the controls. 

Consequently an indirect connection between ascorbic acid syn- 
thesis and photosynthesis can be assumed in view of the fact that 
ascorbic acid is produced at the expense of sugar. These relations 
between sugar content and ascorbic acid have been confirmed by 
Moldtmann (1939) with various Monocotyledons. In general, fac- 
tors which favor photosynthesis also favor ascorbic acid synthesis. 

Dependence of the biosynthesis of ascorbic acid on external 
factors. — By virtue of the principle just pointed out, certain ex- 
ternal factors can be shown to exert a distinct action. Light, for 
example, is an important factor (Sugawara, Reid, 1937) but its 
effectiveness varies with the wave length. The effect of light, in 
order of decreasing activity, is as follows : white, red, orange, green, 
blue. Red light, which favors photosynthesis, is likewise the most 
effective for the production of ascorbic acid in etiolated seedlings 
of Zea Mays, Pisum sativum, Brassica pekinensis, Phaseolus vul- 
gar e, Raphanus sativus, Hordeum vulgar e and Avena sativa (Suga- 
wara, 1939). 

Other factors not directly associated with photosynthesis are 
involved, e.g., the composition of the mineral medium. Manganese, 
added to a liquid synthetic medium, increases the production of 
ascorbic acid as much as 75 per cent in Avena, Triticum, Hordeum, 
Phaseolus mu7igo, and Cicer arietinum. This metal is definitely 
known to act as a catalyzer of the enzymatic reaction (probably as 
a coenzyme) in the synthesis of vitamin C (Rudra, 1939). 

Von Hausen (1936) studied the influence of KCl, Ca 3 (P 04 ) 2 y 
and Ca(N 03)2 on pea plants grown in sand culture. The greatest 
amount of vitamin C (measured by the Tillmans test) is produced 
when these salts are properly balanced. With the first two salts 
the quantity of ascorbic acid diminishes in direct proportion to the 
decrease in dry weight as the dosage of salt increases. In the case 
of Ca(N 03)2 the maximum vitamin C content and dry weight are 
attained with 1000 mg. per liter of solution ; with higher dosages, 
the dry weight decreases rapidly, but the vitamin C content con- 
tinues to increase (Fig. 8). These experiments indicate that the 
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external medium affects the biosynthesis of ascorbic acid either 
directly or indirectly because of its action on the carbon and nitro- 
g’en metabolism. 

As might be expected, temperature also plays a role since the 
biosynthesis of vitamin C involves an enzymatic reaction requiring 
an optimal temperature. Plants of Bryo'phylVwm calycinu'in, grown 
in the dark at 20°C. for 48 hours undergo a decrease in ascorbic 
acid content ; at 7^ and also at 37°C. the content increases. Plants 
grown in the dark are affected directly by temperature, i.e,, tem- 
perature controls the enzymatic process which brings about the 
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mg Ca(t/Os)t p. litre. 

Fio. 8, — Influence of various concentrations of Ca(N03)2 on 
the biosynthesis of vitanoin C in JPiau'm (from v. Hausen, 1936 ). 

Vitamin C is expressed in ml. of color indicator (dichlorophenol- 
indolphenol) used in titrating 0.1 g. of dry matter. 

synthesis of ascorbic acid. Plants grown in light are affected 
directly and indirectly, €,g,, temperature acts on one step in photo- 
synthesis, and thus on the production of sugar which in turn affects 
the production of ascorbic acid, 

Relation between the syntheses of carotinoids and ascorbic acid. 
— It is unusual that the fruits richest in carotinoids are frequently 
the richest in ascorbic acid (Giroud and collaborators, see Girotjd, 
1938). This relation has been found also in animals (adrenal 
glands for example). Is it purely a matter of chance? It is diffi- 
cult to establish a direct chemical relationship or to attribute this 
parallelism to pure chance. As is known, ascorbic acid is easily 
destroyed by oxidation ; and carotene acts as an anti-oxidizing agent. 
This suggests the possibility that carotene protects the ascorbic 
acid against oxidation (Giroud), thus permitting indirectly an 
accumulation of vitamin C. This relation has been confirmed and 
recognized by various authors. P. Weber made a real contribution 
towards the solution of the problem by showing that seedlings of 
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various species grown at a low temperature are inhibited in their 
production of chlorophyll and that the carotinoids are abundant 
and the ascorbic acid content is also high, in fact, higher than in 
seedlings kept either at ordinary temperature and in light or at low 
temperature and in the dark. These experiments again demon- 
strate that the synthesis of ascorbic acid is not directly connected 
with photosynthesis, provided the precursor, sugar, is present. 
They also show that the coexistence of carotinoids and ascorbic 
acid is not accidental (Moldtmann, 1939; Nexjbaukr, 1939; 
Weber, 1940). 

Let us now return to the Molisch reaction. After demonstrating 
that photosynthesis is not the direct cause of ascorbic acid forma- 
tion, are we still in a position to regard vitamin C as responsible 
for the reduction of silver nitrate ? It is difficult to prove this view 
especially if we recall some of the numerous exceptions : the stain- 
ing of the stroma in place of the chlorophyll, cytoplasm stained 
black rather than the plastid, etc. On the basis of these facts, the 
logical assumption is that the reduction of silver can be brought 
about either by the photolytic action of light or by reducing sugars. 
This interpretation would also explain the existence of ascorbic 
acid in non-green tissues (Ertl, 1939). 

Furthermore, according to Pekarek's photomicrographs, the 
reduction of the silver reagent occurs in the colorless stroma of 
the plastid. Sugar is most likely to be the reducing agent, although 
the direct action of ascorbic acid can not be excluded, since it is 
water soluble and may be found in the stroma of the plastids. 

According to certain investigations, ascorbic acid occurs largely 
in a combined form. This view is controversial and in general has 
not been accepted. 

It is also necessary to consider the possibility that ascorbic acid 
may be connected with photosynthesis and the production of sugars 
in an entirely different manner. After prolonged exposure to heat 
formaldehyde leads to the production of carbohydrates. ^ West and 
Ney observed that ascorbic acid markedly catalyzes this reaction. 
It may eventually be shown that the synthesis of sugar is regulated 
by ascorbic acid which in turn is produced from sugar. 

Finally, it may be asked whether ascorbic acid must always be 
considered as a true vitamin, in view of the fact that the dosage 
required in many cases is rather large, that it is widely distributed, 
and that it is present in enormous quantities in certain tissues 
{Gladiolus), It is found in the secretion of the tentacles of 
Drosera (Weber; Mirimanoff, 1939). The role of ascorbic acid is 
possibly that of a nutrient and carbon reserve in addition to its 
part played in the phenomena of oxidation-reduction. The last 
mentioned role represents its real vitamin function (see p. 193). 

Other vitamins. — We know practically nothing concerning 
the conditions required for the biosynthesis of the Ba vita- 
mins (riboflavin, pyridoxine, and nicotinic acid) . The synthesis 
of riboflavin in Aspergillus niger is dependent on the composition 
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of the medium. A deficiency of magnesium in the medium favors 
the production of this vitamin (LiAVOLiiAY and Laboray). 

The biosynthesis of pantothenic acid is somewhat better known. 
This growth factor of yeast and antipellagra vitamin for the chick, 
has been shown by K. J. Williams and his school to be composed of 
beta-alanine and a lactone of a:-y-dihydroxy-/?, /?-dimethylbutyric 
acid. An organism’s capacity for synthesis may be confined to one 
of the components. For example, organisms are known to produce 
the lactone, but not the beta-alanine. Upon the addition of the 
latter these organisms are able to synthesize pantothenic acid. 

The biosynthesis of vitamins represents the most interesting 
aspect of the whole problem. This field is destined to furnish many 
important discoveries. 
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Part 2. 


VITAMINS IN EELATION TO PLANTS UNABLE TO 
SYNTHESIZE THEM. — GROWTH FACTORS 
OF MICROORGANISMS. 

In the preceding chapters attention has been called to the fact 
that green plants which are completely autotrophic may be, as far 
as isolated organs and tissues are concerned, partially heterotrophic 
for vitamins. If the plant is intact this partial heterotrophism of 
certain organs or tissues is not apparent, and in most cases, the 
plant is able to grow because one of the organs acts as a source of 
supply. There are, however, certain plants, mostly lower ones, 
which are completely heterotrophic for one or several growth fac- 
tors. In this respect they react like animals, and the factor or fac- 
tors which they are unable to synthesize must be supplied by the 
culture medium. As far as vitamins are concerned these are the 
most interesting plants of all since they readily demonstrate the 
necessity of vitamins in plant nutrition. From the historical and 
chronological point of view, these organisms should have been 
studied first, because they are responsible for introducing vitamins 
into plant physiology. The more logical sequence, and the one fol- 
lowed here, considers the green plants first since they demonstrate 
more readily the principle that the loss of capacity for synthesis is 
responsible for the need of an exogenous source of vitamins. Rec- 
ognizing this principle we may now study the microorganisms which 
are heterotrophic with respect to vitamins. 

Chapter X, 

THIAMIN AND ITS COMPONENTS. 

The complete thiamin molecule. — Thiamin (vitamin Bi) 
seems to play a more important role than the other vitamins, but 
this is largely due to the fact that it has been studied more than 
the others. 

In certain cases, thiamin is the only growth factor required 
for vegetative development, i.e., the microorganism has suffered 
only one loss in its capacity to synthesize vitamins. The best known 
case is that of the phycomycete Phycomyces Blakesleeanus. This 
fungus, which is so common in all laboratories, grows very well 
on media prepared from various natural products such as malt 
extract, yeast extract, etc. It will not grow on a synthetic medium 
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composed of glucose 3 per cent, asparagine 0.1 per cent, MgS 04 
0.05 per cent, and KH 2 PO 4 0,15 per cent. The author observed 
that zygote formation occurred only if the carbon source was rep- 
resented by Kahlbaum’s brand of maltose (Schopfer, 1931-32). It 
was demonstrated that this sugar contained an impurity of vitamin 
nature. Despite extensive studies no conditions were found under 
which Phycoonyces could produce zygotes without the growth fac- 
tor occurring in maltose as an impurity. Vegetative development 
also required the same growth factor. The characteristics of this 
unidentified substance indicated that it belonged to the group of 
B vitamins and it was found to be almost, if not completely, replace- 
able by pure crystalline vitamin Bi (Schopfer, 1934). In all 
cases preparations of the vitamin from natural materials (Jansen, 
WiNDAXJS, VAN Veen, Peters, and R. R. Williams) had the same 
activity as the synthetic vitamin (IG Farbenindustrie, Hoffman-La 
Roche, etc.). It was certain that the activity was not that of an 
impurity on the vitamin crystals. 



Fiq. 9. — Growth of Phyeomyces BUtkesleeanue on a synthetic medium as a function of 
vitamin Bi dosafte and time. The optimal dosage is indicated by the cuirve obtained with 
0.6 y of thiamin/25 cc. of medium. Asparagrine concentration. 0.1 per cent (from Schopfer, 
1937a) . 

The action of vitamin Bi is quantitative. Within certain limits 
an increase in the dosage causes a corresponding increase in growth 
but when the optimum is reached further additions are without 
effect (see Pig. 9). The optimal dosage, as shown in the following 
table, is 0.5y per 25 cc. of medium containing 0.1 per cent aspara- 
gine. 
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Table VI. — Action of thiamin on Phy corny ces Blakesleeanus (from Schopfer, 
Erg-. Biol., 1939, Springer, Berlin). 

dosage of vitamin 

in y per 25 cc. of medium: 0:0.01:0.02:0.06:0.1 :0.2 :0.4 :0.8 :1.6 

dry wt. of culture in mg.: 2-5:8.5 :1S.1:25.9:36.7:56.7:75.9:84.4:83.4 

The three dimensional g’raph clearly shows that additions of 
thiamin exceeding 0.5 to 0.6y have little effect (Fig. 9). 

The action of the vitamin is more or less dependent upon the 
composition of the medium. By increasing the asparagine content 
the optimal dosage of vitamin is raised and the production of dry 
matter is also increased. By decreasing the asparagine content 
the optimal dosage of vitamin is reduced and the maximal weight 
is also decreased. Apparently a relationship exists between the 
asparagine content of the medium and the optimal dosage of active 
vitamin. Furthermore, a rather constant relationship exists be- 
tween the optimal dosage of vitamin (which varies with the aspara- 
gine content of the medium) and the amount of dry matter 
produced. 


Table VII. — Action of thiamin on Phycomyces Blakesleeanus, Various 
relationships (modified from Schopfer, Arch. f. Mikrobiol., 1935). 


asparagine 

optimal 
dosage of 

dry weight of 

ratio of 


mg. in 25 

vitamin, y/25 

crop in mg. 

vitamin/dry 

per cent 

cc. medium 

cc. medium 


wt. of crop 

0.01 

2.5 

0.05 

10 

0.005 

0.05 

12.5 

0.2 

40 

0.0051 

0.1 

25 

0.6 

90 

0.0068 

0.4 

100 

1 

190 

0.0052 


The ratio in the last column indicates the quantity of vitamin 
required to produce 1 mg. of dry matter under optimal conditions. 
This figure is always approximately 0.005y. The close agreement 
between the optimal dosage of vitamin and the asparagine content 
of the medium is unexplainable. Thiamin cannot be shown to 
participate in nitrogen metabolism. This subject merits further 
investigation. 

The ratio, weight of thallus/optimal dosage of vitamin (the 
inverse of the preceding ratio), is about 100,000. When the vita- 
min is supplied in amounts which are not optimal, the ratio varies 
with the dosage. With suboptimal dosages, the ratio is very 
high, 500,000 to 600,000. These results have been confirmed by 
Robbins. 

The mycelium of PhycoTnyces has a great affinity for thiamin, 
being able to extract it from an adsorbate placed in the culture 
medium. This extraction is effected at ordinary room temperature 
at which no elution of the vitamin into the medium occurs. 

That the need for thiamin is due to a loss in capacity for 
synthesis can be demonstrated experimentally with Phycomyces, 
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The spores from a normal culture placed in a vitamin-free medium 
give rise to a short germ tube but no further growth occurs. The 
cultures are suffering from an avitaminosis. An extract from 
these cultures does not activate a new culture of the fungus. On 
the other hand, a concentrated extract prepared from a great num- 
ber of spores (several million) readily activates a new culture. 
Obviously the spores contain a small quantity of vitamin which 
was furnished by the thallus producing them. The amount is 
rather small, being barely enough for germination. No further 
growth takes place because the capacity to synthesize the vitamin 
has been lost. 

Other members of the Mucoraceae are also dependent on thia- 
min, e.^., Mucor Ramannianus, Absidia ramosa, and Parasitella 
simplex. These same genera also contain species which are auto- 
trophic for vitamins, e.g., Mucor hiemalis, Absidia, repens, and 
A, OTchidis, 

One highly significant fact which has been demonstrated is 
that extracts of species which are autotrophic for thiamin {Mucor 
hiemalis, Mucor mucedo, Absidia repens. A, glauca, A, orchidis, 
Sporodinia grandis) are able to activate growth in species which 
are heterotrophic for thiamin, when the latter (particularly Phy^- 
corny ces) are cultivated on vitamin-free synthetic media. 

According to Ondratschek (1940&) the same is true for 
algae (Hormidium) . Extracts of species autotrophic for thiamin 
can serve as a vitamin source for species heterotrophic for this 
vitamin. That the need of a vitamin is due to a loss of capacity 
for synthesis is now a well established principle of general 
applicability. 

Certain species of the genus Rhizopua (.R. Oryzae, chinensis, tritici, tonkinensis, nodoaus, 
suinus, japonieus) are autotrophic for thiamin. They present an unusual phenomenon, viz., 
their growth is inhibited by excessive dosages of thiamin (Schopfer, 1935, confirmed by 
Robbins and Kavanagh). This phenomenon apparently depends upon the culture conditions, 
since Janke did not observe it when Rhizopvs was cultured on glass beads placed in the 
medium. The mechanism of this inhibition is beginning to receive consideration (Schopfer, 
1942) . This period of inhibition, which up till now was the only one demonstrated, is pre- 
ceded by a short period of acceleration when thiamin functions as a growth factor. This 
period, observed only in young cultures, is prolonged by lowering the tempex'ature (range 
studied, 18-36°C.) . These phenomena are functions of the temperature, age of culture, and 
composition of the medium. Janke’s inability to confirm the author's observations of 1935 
is explained by the fact that the use of ammonium tartrate (used by Janke) instead of 
asparagine prevents or retards the passage from the accelerating to the inhibiting stage. 

Multiplicity of factors for Phy corny ces, — Thiamin is almost 
as effective as natural products, e.g,, yeast extract, for the vege- 
tative development of this fungus. As early as 1935 the author 
demonstrated a highly thei*mostabile factor (much more stabile 
than thiamin) which he designated as factor M. It is constituted 
partially by the combination pyrimidine plus thi azole. These com- 
ponents of thiamin are able to replace the latter quantitatively ; 
they are also highly thermostabile. 

When considering vegetative development it is necessary to 
take into account one essential condition - the nitrogen content of 
the medium. As the nitrogen content (asparagine) of the medium 
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is increased, a limited dosage of vitamin (suboptimal) exerts a 
very marked effect. A medium containing 0.05 per cent asparagine 
(0.0125 g. per 25 cc. of medium) and 2y of thiamin produces 38 mg. 
of dry matter. If an additional 0.0125 g. of asparagine is added 
to the medium and the thiamin is left at 2y, the dry matter pro- 
duced is 90 mg. Asparagine appears to function as a co-factor. 

A beneficial effect can be obtained by adding an extract of a 
natural product (fruit,, potato, etc.) to the medium containing 
thiamin. Inasmuch as no consideration is given to the nitrogen 
added by this extract it is difficult to determine whether the active 
agent is a new growth factor. It is entirely possible that there 
are other factors involved (Robbins, 19395) although there is no 
actual proof of additional growth factors of vitamin nature for 
Phycomyces. It is also necessary to take into account the mineral 
elements (metals) with catalytic action since their effect is not to 
be overlooked. 

Recently XJmrath claimed that Phy corny ces requires one of the 
B substances of Nielsen when growing on a medium in which 
ammonium sulphate serves as the nitrogen source. His conclusion 
that the active substance is formed from ammonium tartrate heated 
for 45 minutes at 120° C. is not justifiable. Since ammonium sul- 
phate is a poor source of nitrogen for Phy corny ces the action of the 
ammonium tartrate is undoubtedly that of a source of assimilable 
nitrogen rather than growth factors (Schopfer) . If the medium 
contains a source of nitrogen which is difficult to assimilate, any 
extract supplying assimilable nitrogen will have a beneficial effect 
providing thiamin is present. 

The action of the vitamin is correlated with the chemical com- 
position of the medium. Leonian and Lilly, studying the growth 
of Phycomyces under new cultural conditions, demonstrated the 
role of mineral elements (metals) which Robbins had already 
observed. They also studied the action of a certain number of 
substances as nitrogen sources, and in the main, confirmed the 
author’s observations concerning the nitrogen nutrition of Phyco- 
myces, viz., that ammonium sulphate and arginine are poor sources 
of nitrogen. They were the first to observe that certain organic 
acids (succinic and fumaric acid) increase considerably the pro- 
duction of dry matter when used with poor sources of nitrogen 
(arginine, and ammonium nitrate). Agar, by virtue of the min- 
eral matter which it contains, is also beneficial. Their cultures 
in all cases were supplied with excessive dosages of thiamin. The 
general conclusion to be drawn from these and other experiments 
concerning nitrogen nutrition is that thiamin increases the pro- 
duction of dry matter in proportion to the supply of assimilable 
nitrogen. Although these observations of Leonian and Lilly are 
of interest they confuse rather than clarify the problem. It still 
remains to be determined whether the action of organic acids is 
due to the acids themselves or to metallic impurities associated 
with them. From all indications the action observed is that of 
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nutrients (carbon compounds or minerals) rather than that of a 
new organic growth factor. 

For the development of zygotes, the author observed already 
in 1934 that thiamin supplied in quantities sufficient for vegetative 
development was unable to produce gametes and normal zygotes. 
Robbins (1939a, b) confirmed this observation and found that 
certain substances are present in agar which favor the formation 
of zygotes in the presence of thiamin. This substance (or sub- 
stances) is contained in other natural products (potato, brown 
sugar, oat meal and com meal) . They can be extracted in part by 
dilute methyl alcohol and more completely by aqueous pyridine. 
The unidentified substance (or substances), referred to as factor 
Z, is produced by Phycomyces (Robbins, 1940) but not in amounts 
sufficient for its maximal development. This factor was found 
(Robbins and Hamner, 1940) to be multiple with at least two 
substances composing it, one fraction (Zi) adsorbed by charcoal 
and the other (Za) not adsorbed. A method for estimating these 
two factors in solutions of unknown composition was described by 
Robbins (1941) and was used in assaying extracts from agar, 
potatoes and peptone. Although these substances appear to act as 
true growth factors there is no positive proof that they are such. 
Attempts to identify them with known factors were unsuccessful. 
Factor Zi seems to belong in the vitamin B complex.* It is prob- 
ably not identical with biotin, pantothenic acid, riboflavin, pyri- 
doxine, thiamin, glutamine, or para-amino benzoic acid, and Za is 
not identical with glutamine or para-amino benzoic acid. Both 
fractions are clearly beneficial not only to gametic reproduction 
but also to spore germination and early mycelial growth. Aside 
from these two unidentified factors, Phycomyces requires only 
thiamin (pyrimidine and thiazole). Factor M which is beneficial 
to this fungus is constituted partly by the combination pyrimidine 
+ thiazole. Asparagine may be considered as a co-factor. The 
actions of other substances on this fungus must, for the present, 
be interpreted as those of ordinary nutrients. 

Ustilago violacea, a basidiomycete parasitizing the anthers of 
Melandrium album, has also been studied extensively in regard to 
growth factors. The growth of this organism is dependent upon 
thiamin. A very weak dosage is sufficient for optimal develop- 
ment. The optimal dosage is dependent upon the amount of 
inoculum used. This again illustrates the phenomenon responsible 
for the Liebig-Pasteur controversy. When the amount of inoculum 
is small, the optimal dosage may be considered as 0.01 to 0.02y/25 
cc. of medium (growth measured by means of a nephelometer) 
(Schopfer and Blxtmer, 1938). When the amount of inoculum 
is large only a small dosage of thiamin is required for normal 
development of the culture (O.OOSy per 25 cc. of medium) . The 
large inoculum has carried along growth factors which it con- 
tained. It must be recalled, however, that with thiamin alone 

♦Factor Zi is liypoxanthine (Robbins and Kavanaoh, 1942). 
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the growth, although excellent, is inferior to that obtained with 
a medium prepared from natural products. Apparently other fac- 
tors are required but they have not yet been identified. 

The genus Ustilago exhibits the same phenomenon observed in 
Mucor, viz., some species are heterotrophic for thiamin while 
others are autotrophic for this factor. U. violacea and U. scahiosae 
are heterotrophic for thiamin, whereas the majority of species 
(Z7. tritici, U. avenae, U. levis, U. bromivora, etc.) are autotrophic 
for this factor. Obviously there is no relationship between para- 
sitism and the need for thiamin. The extracts of species auto- 
trophic for thiamin are able to promote the growth of heterotrophic 
species by supplying growth factors. These extracts are likewise 
effective on Phy corny ces. 

The number of organisms which are known to require thiamin 
is large and is continually increasing. They represent all of the 
principal groups : bacteria, fungi, algae, rhizopods, and ciliates. 

Bacteria. — A few of the bacteria are heterotrophic for thia- 
min: Propionihacteriurn pentosaceum (Tatxjm, Wood and Peter- 
son, 1936), Staphylococcus aurerts (Knight, 1937), Phizobium 
(Nilsson et al.). On the other hand, many species are auto- 
trophic for this vitamin: B. coli, B. smegmatis, B. timothy, B. 
Moelleri, B. adgerens, B. subtilis, B. myco'ides (SUNDERLIN and 
Werkman) , B. vulgatus, B. mesentericus, B. lactis aero genes. 
Vibrio alcaligenes (Schieblich) . It is frequently observed that 
bacterial contaminants are able to promote growth of cultures of 
a fungus heterotrophic for thiamin grown on a vitamin-free 
medium. 

The following fungi require thiamin: Phy corny cetes ; Oomy- 
cetes: Pythium Butleri (Robbins and ICavanagh, 1938a), Phy- 
tophthora cinnamomi, P. parasitica and other species (ROBBINS, 
1938a) ; Zygomycetes : Phycomyces Blakesleeamis, Mucor Ramanni- 
anus, Absidia ramosa, and Parasitella simplex (Schopfer). 

Ascomycetes, Hemiascomycetes : Saccharomyces cerevisiae, 
N ematospora Gossypii (Kogl and Fries, 1937) ; Hypocreales : Nec- 
tria coccinea (Fries, 1938), Sphaerulina trifolii (Robbins and 
Kavanagh, 1938), Valsa pini, Helvella infula, Lophodermium pin- 
astri, et al. (Fries, 1938). 

Basidiomycetes, Ustilaginales : Ustilago violacea and U. scahi- 
osae (Schopfer and Blumer, 1938), Tilletia tritici (Defago, 
1940), Tilletia horrida (SCHOPFER and Blumer, 1939) ; Poly- 
porales : Polyporus adustus, P. abietinus, P. benzo'inus, P. fomen- 
tarius et al. (Fries, 1938), Polyporus Spraguei, Stereum frustu- 
losum. Femes igniarius (NoECKER, 1938) ; Agaricales ; Tricoloma 
nudum (Fries), Schizophyllum commune (Robbins and ICa.v- 
anagh, 1988a) ; Cantharellales : Hydnum erinaceus (Noecker) ; 
Bacromycetales : Dacromyces stillatus ( Fries ) . 

Fungi Imperfecti : JDematium nigrum, Rhodotorula rubra 
(Schopfer, 1938), Rhodotorula Sanniei (Fromageot), Torula 
Laurentii and T. fermentati (Robbins and Kavanagh, 1938?>), 
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In addition to the thiamin requiring fungi listed above several 
others*** have been found by IjEONIAN and Greeke (1938). 

Among the algae the following require thiamin: Flagellates, 
Phytomastigina (plant organisms) : Euglena gracilis and E. viri- 
dis (Ondratschek, 1940a), Polytoma ocellatum^ P. caudatum, 
Chilomonas pcLramaecium, Polytomella caeca (Lwoff and Dusi, 
1937); Zoomastigina : Strigomonas oncopelti^ S. fasciculata, S. 
culicidarum (Marg. Lwoff) ; Chlorophyceae, Volvocales: Chlamy- 
domonas orbicularis and other species of Chlamydomonas (Ondrat- 
schek, 1940a), Chlorogoniunm tetragamuTn (Ondratschek, 1940a), 
HeTYiato coccus pluvialis (Ondratschek, 1940a) ; Ulotrichales: 
Hormidiwm Barlowi, Uronema gigas (Ondratschek, 1940a). As 
might be expected, the thiamin requirements are much more marked 
in the colorless members of the Flagellatae and Chlorophyceae 
than in the green forms (autotrophs). 

The rhizopod Acanthamoeha castellani (Lwoff) and the cili- 
ate Glaucoma piriformis require thiamin (A. and Marg. Lwoff, 

1937) . 

It is beyond the scope of this book to enumerate all the organ- 
isms requiring thiamin as a growth factor. The examples given 
above clearly demonstrate the fundamental importance of this 
vitamin in living organisms (see Schopfer, 1939). 

In a great number of cases thiamin is only one of several essen- 
tial factors, and its action is maximal only when the other factors 
are present. With Staphylococcus aureus the other factors are 
nicotinic acid and biotin. With certain races of Saccharomyces 
cerevisiae the other factors are bios I (inositol), bios Ila (beta- 
alanine) , bios II 6 (biotin) , and possibly pyridoxine. The com- 
bination bios + thiamin is required by several fungi (see Fries, 

1938) . 

The flagellates and Chlorophyceae studied by Ondratschek in 
the presence of ascorbic acid require either thiamin or ascorbic 
acid, the former being essential in the colorless forms, the latter 
essential in the green forms. 

Strigomonas fasciculata and S. culicidarum require hemin in 
addition to thiamin (M. Lwoff). 

Organisms requiring constellations of growth factors (two or 
more) exclusive of thiamin will be studied in later chapters. 

In general it may be said that in each group of organisms, the 
majority are autotrophic for thiamin and that only a few are 
heterotrophic for this factor. 

The components of thiamin as growth factors. — Up till this 
point, our discussion concerning thiamin implied that the activity 
was due to the whole molecule. However, in the case of Staphylo- 
coccus aureus, it is known that thiamin, once considered as essen- 
tial for growth, can be replaced by its two components, pyrimidine 
and thiazole in equimolar concentrations. This organism has the 

* Robbins and Kavanagh (1942) list many additional fungi requiring 
thiamin. 
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ability to unite the two components into a whole molecule (Knight, 
1937). The same discovery was made with Phy corny ces Blakeslee- 
anus by Schopfer and Jung (1937) and by Robbins and Kava- 
NAGH (1937) and confirmed by Bonnbr and Erickson (1938) . 

In the case of Phycomyces it can be demonstrated that the 
growth curve obtained with thiamin corresponds exactly to that 
obtained with equimolar concentrations of pyrimidine and thiazole. 
When the two components are supplied in concentrations which 
are not equimolar, the response of the organism is strange and inex- 
plainable and not as would be predicted on the basis of the law of 
limiting factors, according to which the component which is found 
in the smallest dosage should play the role of the limiting factor. 
A suboptimal amount of pyrimidine and a supraoptimal amount 
of thiazole give results almost as good as the mixture of the 
two components in equimolar and optimal dosages. The reciprocal, 
a suboptimal dosage of thiazole and a supraoptimal dosage of 
pyrimidine, gives similar results. 

0.4y pyrimidine 4- 0.4y thiazole : 92 mg. dry wt. 

0.2y pyrimidine 4- 0.2y thiazole: 65 mg. dry wt. 

0.2y pyrimidine + 0.8y thiazole: 80 mg. dry wt. 

0.8y pyrimidine + 0.2y thiazole : 85 mg. dry wt. 

The unbalanced combinations do not give exactly the same results 
as those from balanced optimal combinations but the difference is 
very small (Schopfer, 1939). These results of the author differ 
somewhat from those of J. Bonner and Bxjchman (1939) who find 
that proportionately larger amounts of thiazole than pyrimidine 
are required by Phycomyces- They attribute their results to the 
fact that thiazole is readily destroyed whereas pyrimidine remains 
intact. Observations that equimolar concentrations of the compo- 
nents of thiamin are no more effective than unbalanced combina- 
tions were first made with Ustilago scahiosae (Blumer and Schop- 
fer). This fungus is like Phycomyces in that it requires both 
pyrimidine and thiazole and exhibits the same behavior toward 
unbalanced combinations of these thiamin components. To speak 
of a transformation of one of the constituents into the other would 
be presumptuous. The author is of the opinion that the process is 
probably much more complicated and can not be explained at the 
present. This strange behavior has been observed in other organ- 
isms, e,g.j ToTula Laurentii (Robbins and Kavanagh, 1938), and 
the flagellates Polytomella caeca and Chilomonas paramaecium 
(LWOPP and Dusi) . 

Contrary to expectation, it was demonstrated (Schopfer, 
1937&) that an organism apparently dependent on thiamin, Rhodo- 
toTula rubra (Baarn strain) actually requires only pyrimidine, 
and that another thiamin requiring organism, Mucor Ramannianus, 
is able to grow when supplied with only the thiazole component 
(Muller and Schopfer, 1937). Shortly thereafter other organ- 
isms were found which behave similarly. Organisms requiring 
only pyrimidine are : Schizophyllum commune, Pythium Butleri 
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(Robbins and Kavanagh, 1938a), Dematium nigrum and Para- 
sitella simplex (Schopfer, 1938). Organisms requiring only thia- 
zole are the flagellates Polytoma ocellatum and P. caudatum 
(LwoFP and Dusi). The only microorganism in the plant king- 
dom known to require only thiazole as a growth factor is Mucor 
Ramannianus, These reports, for the most part, have been con- 
firmed and it is now possible to establish definite categories in 
accordance with the needs of the organisms for the one or the 
other component. 

These observations were supplemented by the following facts: 
a ciliate. Glaucoma piriformis, and also the parasitic flagellates, 
Strigomonas oncopelti, S. fasciculata, S. culicidarum are able to 
thrive only in the presence of the whole molecule of thiamin; the 
components of the vitamin are ineffective (Marg. Lwoff, 1938). 
The same is true for several species of Phytophthorai P, para- 
sitica, P. palmivora, P. Boehmeriae, P. capsid, P. Drechsleri, P. 
cryptogea, P. cinnamomi (Robbins, 1938a). 

We are now able to establish the following groups (Schopfer, 
cf. Robbins, 19385). 

1) Organisms autotrophic for thiamin: Ahsidia repens. 

2) Organisms requiring only pyrimidine: Rhodotorula rubra 
type. 

3) Organisms requiring only thiazole: Mucor Ramannianus 
type. 

4) Organisms requiring both pyrimidine and thiazole: Phyco- 
myces type. 

5 ) Organisms requiring the entire molecule of thiamin : Glau- 
coma-Phytophthora type. 

6) A separate group of organisms which are partially inhib- 
ited by excess thiamin : RhAzopus nigricans and other 
Rhizopus species. 

Several of these groups are represented by higher plants and 
animals. We have already seen that the tomato root belongs to 
the M. Ramannianus type, and the pea root to the Phycomyces 
type. Of the animals, the pigeon, which is sometimes used as a 
test object for thiamin, is actually able to utilize the combination 
pyrimidine + thiazole (Robbins, Hogan and Richardson, and 
confirmed by E. and R. Abderhalden) . Apparently these various 
types occur throughout both the plant and animal kingdoms. These 
categories were established in the field of microbiology on the 
basis of observations on bacteria and fungi, particularly Phyco- 
myces. In which of the above groups does Man belong? That 
has not yet been determined and it is still uncertain that the vita- 
min action is always dependent on the entire molecule of thiamin. 

It is necessary, furthermore, to determine whether the estab- 
lishment of these categories is strictly dependent on the composi- 
tion of the medium. The exact quantitative replacement of thiamin 
by the combination pyrimidine + thiazole or by one of the com- 
ponents alone is possible only with carefully controlled cultural 
conditions. 
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Economic coefficient of growth factors. — We have considered 
the possibility of establishing an economic coefficient of the 
action of a vitamin represented by the ratio, dry weight of the 
organism/weight of vitamin required. We have also called atten- 
tion to the fact that the ratio varies in Phycomnyces with the 
age of the culture and with the time at which the determination is 
made (see p. 102) . If it is determined (early) in young cultures, 
as was done by Fkies, the figures are very large. They indicate 
the necessity of the vitamin in the early stages of growth when 
the capacities for primary syntheses are not influenced by secon- 
dary factors. The author determines this coefficient later when 
the organism has attained its full development under a given set 
of conditions. These conditions involve the composition, volume, 
and depth of the medium and also the dosage of vitamin. The 
dosage must be optimal if the coefficient is to be of any value. If 
the vitamin is in excess, the results obtained have little value. 
Under the conditions prescribed by the author the following ratios 
have been found: 


TABiiE VIII. Action of thiamin on various microorganisms. Economic 
coefficient (from Schopfer and BruMER, 1938). 


T = thiamin 

P = pyrimidine 

Optimal dosage of 
vitamin per 100 
cc. of media 

Economic 

coefficient 


Bacteria: 

Staphylococcus aureus (T) 
Propionihacteriuw, pentosaceum 

0.3y 
(T) 0.5 y 

— 

(Knight) 
(Tatum, 
Wood and 
Peterson ) 

Phycomycetes : 

Phy corny ces Blakesleeauus (T) 

2.0y 

200,000 

(Schopfer) 

Ascomycetes : 

Rhodotorula rubra (P) 

0.8y 

200,000 

( Schopfer) 

Basidiomycetes : 

Polyporus adustus (T) 

Ustilago violacea (T) 

0.166y 

o.oeoy 

380,000 

2,500,000 

(Kogl and 
Fries) 

( Schopfer 
and 

Blumer) 

Fungi Imperfecti: 

Dematium nigrum (P) 

0.08y 

1,000,000 

(Schopfer) 

Algae : 

Chilomonas and other colorless 
flagellates (T) 

l.Oy 

— 

(Ondrat- 

schek) 

Hematococcus pluvialis (T) 

lOO.Oy 

— 

(Ondrat- 

SGHEK) 


Apparently these ratios vary with the organism, the most sensi- 
tive to thiamin being Ustilago violcucea, the least sensitive Hema- 
toco ecus pluvialis. 
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The reciprocal calculation (optimal dosage of vitamin/dry 
weight of crop) indicates the amount of vitamin required under a 
given set of conditions, to yield 1 mg. of dry matter : 

Phycomyces Blakesleeanus 0.5 y/100 mg,=0.005 y for 1 mg. 

Rhodotorula ruhra 0.2 y/40 mg.=:0.005 y for 1 mg. 

Dematium nigruTn 0.02y/20 mg.=:0.001 y for 1 mg. 

Ustilago violacea O.Oly/25 ing.=0.0004y for 1 mg. 

The economic coefficient has, in reality, no great significance. 
The dry weight of the crop largely determines the ratio. The 
author recognizes the fact that the production of dry matter and 
the accumulation of reserves depend on numerous factors which 
have no connection with the dosage of vitamin Bi. Nevertheless, 
these figures do indicate the great sensitivity of the organisms and 
the delicacy of their reactions. 

Furthermore, attention should be called to the fact that thiamin 
and pyrimidine furnish ratios which have a definite relationship. 

After having established categories based on the needs of thia- 
min and its components, the problem which now confronts us is the 
cause of these differences. 
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Chapter XI. 

THIAMIN AND ITS COMPONENTS (Contd-) 

Analysis of the capacity for synthesis relative to thiamin. 
— The fact that some organisms require only one of the compo- 
nents of thiamin while others require the whole molecule, poses 
the question: what causes these differences? The only tenable 
hypothesis is that the loss of capacity for synthesis does not affect 
all organisms alike. The fact that Rhodotorula requires only the 
pyrimidine component simply means that this red yeast has the 
ability to synthesize the thiazole component- Conversely, organ- 
isms requiring only thiazole are able to synthesize pyrimidine. 
Another hypothesis is that the complete molecule of thiamin is 
ultimately formed in the organism (Mt}Li/ER and Schopfer, 1937). 
These hypotheses have been tested experimentally by the author 
through the use of thiamin assays of Phy corny ces cultures supplied 
with pyrimidine and thiazole, and also cultures of Rhodotorula 
rubra and Mucor Ramannianus supplied with pyrimidine and 
thiazole, respectively. The ordinary methods of analysis such as 
the thiochrome test gave negative results. The animal test em- 
ployed by the author in cooperation with A. JUNG gave no better 
results. The reason for our failure to obtain a positive reaction . 
with these tests may be that the amount of thiamin is too small, 
but it is more probable, as Bonner has shown, that the thiamin is 
destroyed during the course of development. 

Our efforts to obtain a more sensitive assay for thiamin led 
to the use of the Phytophthora and Phycomyces tests. The latter 
fungus, when cultured on a thiamin-free synthetic medium, re- 
sponded markedly to extracts obtained from cultures of: Phyco- 
myces on pyrimii^ine and thiazole, Rhodotorula on pyrimidine, and 
Mucor Ramannianus on thiazole, thus proving that the extracts of 
all three fungi contain the two constituents, pyrimidine and thia- 
zole. Similar experiments carried out with the Phytophthora test 
(Schopfer, 1940) likewise resulted in growth, proving that the 
complete molecule of thiamin has been reconstructed. If Rhodo- 
torula requires only pyrimidine it is because thiazole is normally 
synthesized. The converse is true for Mucor Ramannianus. 

A still more exact demonstration can be made with an experi- 
ment on the artificial symbiosis of Mucor Ramannianus and Rhodo- 
torula rubra. When each of these is inoculated separately on a 
vitamin-free synthetic medium neither is able to develop. But 
when they are inoculated together, they grow luxuriantly and the 
two partners establish an artificial symbiosis. This proves that 
Rhodotorula synthesizes thiazole which it supplies to Mucor Ram- 
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annianus and, conversely, that Mucor ManiarLnianus synthesizes 
pyrimidine which it furnishes to Rhodotorula. This experiment on 
symbiosis is rather delicate to perform and is successful only under 
properly controlled conditions (MtiLLEK and Schofpeb, 1937; 
SCHOPFER, 1938). 

Robbins and Kavanagh (1938a) have conducted similar experi- 
ments with various species of Torula and have arrived at the same 
conclusions. This aspect of the problem can therefore be con- 
sidered as closed, at least for the present. 

In general it can be said that when a substance is not required 
it is because it is actually synthesized by the organism in question. 

It may be recalled that roots of peas and tomatoes are partially 
heterotrophic for thiamin. Actually, the two components, pyri- 
midine and thiazole suffice for the growth of pea roots (p. 89), 
and thiazole alone suffices for tomato roots. The same type of 
partial heterotrophism has also been found in animals. Pigeons, 
which up till now seemed to require the entire molecule of vitamin 
Bi are actually able to utilize the two components, pyrimidine -4' 
thiazole (Robbins, Hogan and Richardson 1937 and confirmed by 
E. Abderhadden, 1938). 

On the basis of requirements of various organisms relative to 
thiamin and its components it is possible to construct a composite 
table showing how this type of heterotrophism transects the various 
phyla of organisms. 


Tabus IX. — Degrees of thiamin heterotrophism in various organisms 
(froBi Schopfer, 1939). 


synthesized: 

thiamin or 

P T 

pyrimidine 

thiazole 





required: 


thiazole 

pyrimidine 

pyrimidine 

thiazole 

thiamin 


A-bsidia Mucor Rhodotorula Phycomyces Glaucoma 

orchidis Ramannianua rubra Staj)hylo~ Phytovh-thora 

hifirher firreen tomato cocc%ts Strigomonaa 

plants (in- roots pea roots Rat 

tact) pigeon 

From left to right there is a progressive increase in heterotrophism 
which cuts across all of the major groups of organisms, the same 
type occurring in the flagellates, fungi, higher green plants and 
animals. This shows that the origin of heterotrophism, relative 
to thiamin, is dependent on a property found in all living beings. 
It is polyphyletic and may occur in any organism irrespective of 
its systematic position. 

In addition to the various well defined types, intermediates 
occur which can be demonstrated among microorganisms. For 
example, Parasitella simplex is heterotrophic for thiamin and when 
supplied with the entire molecule the fungus grows luxuriantly. 
When supplied with pyrimidine it also grows well under a given 
set of cultural conditions. However, the production of dry matter 
is generally reduced by about one fourth. The behavior of this 
organism can be explained by assuming that it possesses most 
likely the ability to synthesize thiazole, but not in sufficient quan- 
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tity. Despite additions of excessive dosages of pyrimidine, growth 
is not improved. Apparently the limiting factor in this case is 
the capacity to synthesize the necessary thiazole. 

The capacity for synthesis may vary during the course of a 
series of experiments. An organism requiring pyrimidine 4- thia- 
zole and possessing the full ability to condense them into thiamin 
{Ustilago scahiosae) y may lose this ability in part. As a result its 
growth with F + T is no longer as good as with the entire molecule 
of thiamin. This case represents a progression toward hetero- 
trophism. On the other hand an organism may progress toward 
autotrophism. For example, Rhodotorula rubra (Lister strain No. 
4585), cultivated in a vitamin-free synthetic medium, grows very 
poorly because it has a very limited capacity for the synthesis of 
thiamin (Lwoff). When cultivated by Lwofp for 14 months on 
a vitamin-free synthetic medium, it improved in its growth three 
or four fold during this period. Obviously, it increased its capacity 
for synthesis. However, in this case the capacity for synthesis 
was not completely lost and by a process of “training’' or adapta- 
tion, the very weak capacity existing at the beginning was aug- 
mented. A distinction must be made between a capacity for syn- 
thesis which is weak and one which is absent and regarded as 
genetically lost. From experimental evidence it appears that an 
organism may progress to complete heterotrophism but may not 
return to autotrophism, in other words, the complete loss of capac- 
ity for synthesis is definitive and irreversible. 

How can one be certain that a capacity for synthesis is lost 
definitively? If an organism becomes unable to grow in a given 
medium and if transfers are no longer possible, the loss was prob- 
ably of this nature. However, other cultural conditions are possible 
and until all of these have been exhausted it is unsafe to assume 
that the capacity of synthesis is permanently lost. 

Numerous experiments demonstrate that the capacity for syn- 
thesis is dependent upon external factors, both chemical and phys- 
ical. Pythium Butleri requires pyrimidine when cultivated on a 
medium containing, among other things, 16.4 g. mineral salts per 
liter; but if the concentration of mineral salts is reduced to 1.64 g. 
the organism is able to develop equally well without pyrimidine. 
Apparently the strong concentration of mineral salts inhibits the 
synthesis of pyrimidine but not that of thiazole. A decrease in 
the concentration again permits a partial synthesis of pyrimidine 
(Robbins and Kavanagh, 19386). Rhodotorula rubra requires 
pyrimidine when cultured on glucose but when cultured on glycerine 
it seems to be able to synthesize this growth factor (Fromageot 
and Tchang) . A quantitative and qualitative modification of 
the medium brings about a change in the capacity for synthesis. 
The physical factors, temperature for example, likewise affect this 
capacity. Robbins observed that Phy corny ces is able to synthesize 
factor Z (required for zygote formation) if the temperature is 
held below 20°C. but if the temperature is raised to 25° C., it is 
no longer able to do so. 
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These examples serve to demonstrate that the capacity for 
synthesis is only relative in its intensity and that caution must be 
exercised before concluding that it has been lost completely. 

A growth factor cannot be defined on the basis of whether its 
synthesis is entirely lacking or only apparently so, as LwOFP has 
suggested. In both cases the function is the same and the sub- 
stance is recLuired for maximal development. 

That the ability to synthesize is relative was also observed by 
Fries (1938). To express this in the case of thiamin, he set up 
the following categories : 

1) organisms not requiring thiamin {As'pergillus •niger'), 

2) organisms in which the need for thiamin is facultative, i-e., thiamin 
is beneficial but not essential for growth (JOeTizites sepiaria ) . 

3) organisms in which the need for thiamin may be obligate or facul- 
tative, depending upon the cultural conditions. 

4) organisms in which the need for thiamin is obligate {Polyporzis 
adustzLs ) . 

This classification agrees fully with the views of the author. 

Biosynthesis of thiamin in microorganisms. — Sufficient in- 
formation is now available to disclose the manner in which this 
vitamin is synthesized and also the mechanism of its metabolism. 
Its function as a fragment of an enzyme is well established. Since 
the work of Lohmann and Schuster it is known that this vitamin 
is none other than the active group in cocarboxylase which functions 
as the coenzyme in carboxylase and is responsible for the decar- 
boxylation of pyruvic acid (see p. 190) . These investigations car- 
ried on with yeast represent the starting point for the modern work 
with this vitamin. A similar demonstration was made by Hills 
(1938) with Staphylococcus aureus. The coenzyme function of 
thiamin has been further confirmed by Haag (1940) with Phyco- 
myces grown on a medium based on glucose. If thiamin is lacking, 
microorganisms, like animals, accumulate pyruvic acid. 

The coenzyme cocarboxylase is a pyrophosphate of thiamin. 

The metabolism of thiamin in Phyconrayces may be represented 
as follows : 

1) absorption of pyrimidine and thiazole. 

2) condensation of the two components into a molecule of 
thiamin. 

3 ) esterification of thiamin into the pyrophosphate of thiamin. 

Little is known concerning the ultimate fate of thiamin. The 
author has observed that thalli of Phycomyces which are old and 
fully developed no longer give a positive reaction for thiamin and 
lack growth factor activity. The thiamin has therefore dis- 
appeared. Bonner and Buchman (1938) working with Phyco- 
myces observed a liberation of pyrimidine and a destruction of the 
thiazole nucleus probably by opening the ring at the second position. 

The same authors working with Pisum demonstrated an 
earlier step in the biosynthesis of thiamin. They showed that 
the root of Pisum is able to condense the precursors of thiazole 
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(acetopropyl alcohol and thioformamide) into a molecule of thia- 
zole. The same experiment attempted with PhycoTnyces yielded 
negative results. 

With PisuTYi the following steps in the metabolism of thiamin 
are known: 

1) condensation of acetopropyl alcohol and thioformamide 
into thiazole. 

2) condensation of thiazole and pyrimidine into thiamin. 

3) esterification of thiamin into cocarboxylase. 

An organism completely autotrophic for thiamin must therefore 
be able to effect the synthesis of pyrimidine, thiazole, thiamin (by 
condensation) and cocarboxylase. An organism is rendered 
dependent upon an exogenous supply if it loses its ability to accom- 
plish any one of the following steps: synthesis of the precursors 
of pyrimidine, condensation of these precursors into a molecule of 
pyrimidine, synthesis of the precursors of thiazole or their con- 
densation into thiazole, condensation of pyrimidine and thiazole 
into thiamin, and the esterification of thiamin to cocarboxylase. 
Accordingly, two phenomena are involved, viz., the synthesis of 
the components and their condensation. 

These concepts are based on information concerning the syn- 
thesis of this vitamin in vitro (R. R. Williams and Cline, 1937 ; 
Todd and Bergel, 1937 ; Andersag and Wbstphal, 1937 ; Grewe, 
1937) . It has not been proven that the steps in the biosynthesis 
are the same as those in the synthesis in vitro, but from what is 
known the two methods of synthesis appear to be similar. One of 
the usual procedures in the chemical synthesis consists of the fol- 
lowing steps: 1) condensation of acetamidine and the ester of 
formylsuccinic acid into pyrimidine. 2) condensation of methyl- 
a-chlor-y-acetopropylketone and thioformamide into thiazole. 3) 
condensation of pyrimidine and thiazole into thiamin. The steps 
in biosynthesis as found by animal studies are very similar to those 
of synthesis in vitro. Experiments with the precursors of pyrimi- 
dine have not yet been carried out. 

These condensations forming thiazole and thiamin very prob- 
ably are effected by means of enzymes. The same is true for the 
splitting of the thiamin molecule into its components. In 1937 the 
author advanced the hypothesis of the existence of an aneurinase 
(thiaminase of Bonner and Buchman) with reversible action. 
Bonner and Buchman have also suggested the possible existence 
of a thiazolase. The existence of these enzymes has not yet been 
demonstrated experimentally. All tests carried out in vitro have 
given unsatisfactory results. 

Specificity of action of thiamin and its components- — A large 
number of substitution products of thiamin and its components 
is available and thus a detailed study of the specificity of action 
becomes possible. Since thiamin functions as a fragment of a 
coenzyme, a very marked specificity of action might be expected 
a priori. 
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A critical and detailed study of the results obtained with several 
organisms has been published (Schopfer, 1939). 

The specificity of action has been studied in detail for the fol- 
lowing: PhycoTTiyces (Schopfer, Sinclair, Robbins and Kava- 
NAGH, Bonner and Erickson), flagellates (Lwoff and Dusi, A. 
and M. Lwoff), protozoans (c/. Schopfer, 1939), StaphylococcTis 
aureus (Knight and McIlwain), Ustilago violacea (Schopfer and 
Blumer), Dematium nigrurri and Rhodotorula rubra (Schopfer, 
1938), Schizophyllum commune, haplont and diplont (Schopfer 
and Blumer), Pisum root (Bonner and Buchman, 1938), and the 
pigeon (Schultz, 1940). Most of our information on this aspect 
of vitaminology was secured by experiments with microorganisms. 
Studies with animals were begun only recently. 

Substitution in the thiamin molecule, — In order to help the 
reader understand the following discussion, the structural formula 
of thiamin is herewith presented: 


Ni 5C CHz- 


Cl 

I 


HaC C2 pc NHa-HCl HQa 

THIAMIN 


CHa 

^ CHa-CHoOH 


Substitution products of thiamin in which the NH 2 group in the 
fourth position of the pyrimidine nucleus has been substituted are 
inactive on all organisms studied. This group is therefore of funda- 
mental importance ; it is known to be responsible for the decarboxy- 
lation of pyruvic acid. 


Normal thiamin is, however, not the most active compound. A 
thiamin having in the second position of the pyrimidine nucleus 
a C 2 H 5 in place of CH 3 has a greater activity than normal thiamin 
on Phycomyces, and also on animals. Their relative activity is 
expressed by the ratio of ethyl thiamin to methyl thiamin having 
the same physiological activity. This ratio for Phycomyces was 
found to be 0.83:1.0 (Schopfer). The ratio for the pigeon is 
0.85:1.0 (Schultz, 1940). 

The importance of the NHg group is demonstrated by the fact 
that thiochrome is known to be inactive on all organisms requiring 
thiamin or pyrimidine -h thiazole which have been studied. 



THIOCHROME 



W. H. Schopfer 


120 


Plants and Vitamins 


When the beta-hydroxyethyl group in the fifth position of thia- 
zole is replaced by a hydroxypropyl the compound is inactivated for 
Phycomyces but remains active for Glaucoma piriformis, Strigo- 
monas, and Staphylococcus aureus, A substitution of an H in 
place of the CH 3 group in the second position of thiazole destroys 
the activity for Staphylococcus aureus. 

The pyrophosphoric ester of thiamin with the pyrophosphoric 
group in the fifth position of thiazole (cocarboxylase) is active on 
Phycomyces. 

The iso vitamin Bi having the CII3 group in the sixth position 
and an H in the second position of pyrimidine is inactive on Glau- 
coma piriformis but active on Staphylococcus aureus. 

The substitution of an atom of Cl in the second position of the 
pyrimidine nucleus in place of the CH 3 group does not reduce the 
activity for Staphylococcus aureus. 

Analogues of thiamin have been employed in which the pyri- 
midine nucleus has been replaced by an entirely different group, 
benzyl or 4,5-methyl-imidazol but have been found inactive. 

Organisms differ in their response to substitutions except for 
the substitution of NHg in the second position of the pyrimidine 
nucleus which inactivates the molecule for all organisms studied. 

Substitutions in the intermediates of thiamin {pyrimidine and 
thiazole). — It is impossible to treat this subject in full detail. 
Additional information may be obtained by consulting the refer- 
ences at the end of the chapter. 

If an organism which is dependent on pyrimidine 4- thiazole 
is supplied with an inactive analogue of thiamin in which one 
nucleus possesses an active structure while the other nucleus is 
inactive, a positive action can be obtained by adding an active form 
of the nucleus which is inactive in the thiamin analogue. For 
example, thiochrome (thiazole inactive, pyrimidine active) when 
used in admixture with the proper thiazole is active in the same 
sense as the vitamin on Phycomyces and Staphylococcus. Chloro- 
thiamin (pyrimidine inactive with Cl in the second position, thia- 
zole active) in admixture with the proper pyrimidine is active on 
Staphylococcus. The organism is able to split the methylene bond 
connecting the pyrimidine with the thiazole nucleus (C-CHs-N). 
The active component of the analogue condenses with the active 
component which was added thereby producing natural thiamin. 

The most specific test object among the P + T organisms is 
Phycomyces, which has been studied extensively. The only thia- 
zoles, apart from normal thiazole, which are active on this fungus 
are those which have the CH2.CH2OH in the fifth position replaced 
by the groups CH2CH2CI or CH2CH2O.CO.C2H5. Staphylococcus 
and the flagellates have a less pronounced specificity and respond to 
compounds which are completely inactive on Phycomyces. The sec- 
ond position of thiazole is of prime importance for all organisms 
except the flagellates studied by Lwoff and Dxjsr. If the H in this 
position is substituted by any other group the activity of thiazole 
is nullified for all organisms except the flagellates, which tolerate 
a CH 3 in this position. 
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In general the flagellates and the root of PisuTVi are the least 
specific of all the organisms in their reactions to substitutions in 
the pyrimidine and thiazole nuclei. There is a marked similarity 
between the two (see p. 70). 

For pyrimidine, as already observed while considering the entire 
molecule of thiamin, a CaHs group in the second position in place 
of the CH 3 group does not lower the activity. The only pyrimi- 
dines which are active for PhyGoonyces are those with the groups 
CH 2 NHCHS, CH 2 OC 2 H 5 , or CH^Br in the fifth position. The 
specificities of Staphylococcus , flagellates, and Ustilago violacea 
are very similar to those of Phycomyces, In the case of Rhode- 
torula Tuhra and DematiuTYi the specificity is less pronounced. 
These two organisms require only the pyrimidine component of 
thiamin. 

In general it may be said that the degree of specificity depends 
on the concentration of the active substance. Analogues of thiamin 
or its components which are inactive when used in the dosage 
ordinarily employed for natural thiamin (or its components) be- 
come active when supplied in rather large dosage. This is true 
particularly in the case of Rhodotorula ruhra, and has been con- 
firmed by various authors. This phenomenon will be discussed 
later on. 

The specificity of action of thiamin on animals is treated in 
great detail by SCHULTZ (1940) who investigated the action of 39 
homologues and analogues of thiamin on pigeons and found 22 
compounds active. His work dealt only with the coniplete mole- 
cule of thiamin in which the substitutions were made in the pyri- 
midine and thiazole nuclei. By employing, in some instances, very 
large dosages of these substances, Schultz obtained an antineuritic 
activity. Some examples are presented in the following table. 


Table X. — Specificity of action of thiamin on pigeons 
(from Schultz, 1940). 


No. 

j pyrimidine 

thiazole 


2 

4 

5 


1 . 

C 2 H 0 

NHs 

CH 2 CH 2 OH 


2 . 

CHs 

NHa 

CH 2 CH 2 OH 


3. 

(CHa) aCH 

NHs 

CH 2 CH 2 OH 


4. 

CHs 

NHa 

CH 2 CH 2 OH 


5. 

CHs 

NHa 

CH 2 CH 2 OH 


6 . 

CHs 

NH.CHs 

CH 2 CH 2 OH 


7. 

CHs 

NHa 

C2H.1.0.C2H5 


8 . 

H 

NH 26 -CH 3 

CH 2 CH 2 OH 



activity 


4 

CHs 

CHs 

CH3 

CsHt 


A 

2.1 

2.6 

8.3 

91. 


B 

0.84 

1.0 

S.3 

86 . 


H 

CH3 

CHa 

CHs 


200 . 

536. 

1000. 

11800. 


80. 

214. 

400. 

4500. 


A = number of gammas necessary to produce vitamin activity of one 

international unit. . . . - -j. 

B = activity of the vitamin based on natural thiamin with an activity 
of 1.0 (compound No. 2) ; figures obtained by dividing the figures under A 


by 2.5. 


It is surprising to find that products devoid of activity when 
supplied in the usual dosage (optimal dosage of natural thiamin) 
become active when supplied in concentrations as much as 4600 
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times stronger than usual. A substitution for the NH2 group in 
the fourth position of the pyrimidine (No. 6) diminishes the vita- 
min activity on pigeons 214 times but does not completely destroy 
it. A transfer of the CH3 group from the second position of the 
pyrimidine to the sixth position (isovitamin) (No. 8) causes a 
decrease in activity to 1/4500 of that of the natural vitamin. On 
the other hand a C2H5 group in the second position of pyrimidine 
in place of the CHg group (No. 1) increases the activity. The same 
observation was made by Robbins and KIavanagh (1938) and by 
the author with Phy corny ces (SCH offer, 1941a). Except for the 
ethyl-thiamin (No. 1) and the iso vitamin (No. 8) the above com- 
pounds have not been tested on microorganisms or plants, hence 
no comparisons can yet be made. 

The phenomenon observed by Schultz, viz,, that the specificity 
of a vitamin decreases as the dosage is increased, conforms with 
the findings of the author. 

It is necessary, however, to consider carefully what is meant 
by specificity. The author considers the action of thiamin on 
Phycomyces as specific because of the fact that a substitution de- 
stroys or markedly reduces the activity of the usual dosage. When 
activity is obtained with a much larger dosage, it is not known 
what takes place. The logical assumption is that the substitution 
product is transformed into the usual (active) form as a result 
of various reactions - dehydrogenation, hydrogenation, amination 
and deamination. In this case the apparent lack of specificity is 
simply proof that the organism can readily bring about the trans- 
formation indicated above. Inasmuch as we do not understand 
exactly what takes place the concept of specificity remains super- 
ficial. The most noteworthy result of Schultz's investigations is 
that the substitutions in the fourth position of pyrimidine and in 
the second position of thiazole (which are so important for the 
enzymatic functions of thiamin) do not completely destroy the vita- 
min activity. 

These studies clearly indicate the multiplicity of the Bi vita- 
mins. To say that the substituted product is transformed into 
normal thiamin does not solve the problem. There are cases in 
which it is necessary to seek another explanation. Hence Bonner 
and Buck MAN presented the following results : three thiazoles are 
able to support the growth of pea roots ; they differ from normal 
thiazole in that they have CHOH.CH3 or CH2CHOH.CH3 in place 
of CH2CH2OH in the fifth position, or have a CH3 group in the 
second position. These thiazoles cannot be utilized by Phycomyces. 
It cannot be assumed that these thiazoles, which are inactive for 
Phycomyces, have been transformed by Pisum into true thiamin. 
Evidently substances are formed which have a different structure 
but a similar physiological function. Rytz Jr. has found that in 
a mature pea plant the vitamin which is active on Phycomyces is 
no longer present although it was abundant during the young 
stages. It cannot be assumed that the vitamin is no longer re- 
quired. As the plant matured it must have formed other factors 
analogous with the vitamin but inactive on Phycomyces. 

Thiamin, in the broad sense of the term, is a physiological entity 
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comprising several substances differing widely in their chemical 
constitution but possessing similar physiological action. 

Hetero vitamins of Bi have recently been discovered and syn- 
thesized by Baumgarten and Dornow (1940) and DORNOW (1940) . 
The analogy existing between the pyridine group and thiazole has 
been known (Hantzsch, Ochiai and Nagasawa) for some time. 
By replacing the thiazole with a pyridine joined to the pyrimidine 
by the same methylene bond as in normal thiamin, Baxjmgarten 
and Dornow obtained two hetero vitamins : 

(l) 2-METHYL -3- HYDROXYETHYL-N- (2-METHYL-4- AMINO- 

PYRIMIDYL-(5))-METHYL- PYRIDINE BROMIDE HYDROBROMIDE 



3-HYDROXYETHYL-N-(2-METHYL-4.-AMlNO- PYRIMIDYL- 
(5)) METHYL-PYRIDINE BROMIDE HYDROBROMIDE 



N 


The first of these possesses about 1/26 and the second 1/240 of 
the activity of thiamin and represents a greater activity than cer- 
tain analogues tested by Schultz. 

The author has found that these heterovitamins have a weak 
activity on Phycomyces and Ustilago violacea (Schopfer 19416). 
Substances even more distantly related to the components of thia- 
min have been found to be active when supplied in high dosage. 
Accordingly, Bobbins working with Phycomyces demonstrated that 
the combination pyrimidine -t thiazole (1 m/x mole of each) can be 
replaced by the combination pyrimidine (1 m/x mole) 4- ^0(4- 
methyl thiazolyl-5 ) -alanine (1000 m/x moles), the latter replacing 
the thiazole. When only 1 m/x mole of the (4-methyl thiazolyl-5 )- 
alanine was employed no effect was observed. Nothing is known 
concerning the mechanism of this replacement. Probably a direct 
or indirect action of the /?( 4-methyl thiazolyl-5 ) -alanine is respon- 
sible for the synthesis of thiazole. 

It is thus necessary to await the demonstration of other sub- 
stances having the same physiological properties as thiamin. These 
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may completely change the complexion of the problem. 

The extensive investigations regarding the specificity of thiamin 
have already contributed substantially to our knowledge of growth 
factors and vitamins in plants. 
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YEAST AND BIOS. 

The yeasts present an extremely difficult problem with respect 
to growth factors, since they involve highly complex constellations 
of factors, some of which have not yet been identified* They rep- 
resent the first in which vitamins were found. 

It should be recalled that two distinct phenomena occur in 
yeasts: 1) growth which is conditioned by cell division and is 
measured either by determining the weight of the living material 
produced or by counting the number of cells ; 2) fermentation which 
is measured by determining the CO 2 evolved. The two phenomena 
may be parallel but this is not obligatory, Le., a culture may in- 
crease in weight in the absence of fermentation and vice versa. 
Each of these phenomena possesses its own specific activators. 
Growth involves an activation of cell division and an increase in 
mass, whereas fermentation involves an activation of an enzymatic 
process concerned with the decomposition of sugar. 

Again it is necessary to go back to Pasteur who first succeeded 
in culturing yeast on a synthetic medium. His controversy with 
Liebig is classical: Pasteur (1871) reported that he was able to 
cultivate his organism by inoculating a pin head, “tete d^epingle”, 
of yeast. Liebig (1871) tried to repeat the experiment of Pasteur 
but was unable to do so. According to Liebig, no growth took place 
when he used an inoculum the size of a pin head. Because of the 
death of Liebig no agreement between these two investigators 
could be reached, and the problem remained unsolved. The credit 
for clarifying the situation goes to Wildiers (1901). He was 
able to show that the size of the "‘pin head"' was responsible for 
the discord. To Liebig this size of inoculum must have been much 
smaller than to Pasteur. Wildiers was led to conclude that the 
cultures developed for Pasteur because, in using a sizeable mass 
of inoculum, he introduced certain unknown substances produced 
by the cells themselves. Liebig on the contrary in using a smaller 
inoculum had not introduced a sufficient amount of this substance 
because the mass of inoculum was too small. Wildiers called this 
strange unknown substance “bios". This marked the real begin- 
ning of the science of growth factors in plants, although it will be 
recalled that Pasteur in 1860 had observed that the addition of 
natural products to the culture medium was highly beneficial to 
the growth of microorganisms. 

The history of bios from 1901 to 1925 is indeed most interest- 
ing. The existence of such a substance was denied by one group 
but vigorously supported by another. The latter group studied it 
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extensively trying especially to connect it with known substances. 
Under the influence of R. J. Williams the belief prevailed for a 
while that bios, which was then thought to be a single substance, 
was identical with the group of B vitamins (particularly Bi). 
Later, this view had to be renounced when certain differences in 
their chemical properties were discovered. For example, SouzA 
and MacCollum found that the B vitamin found in wheat germ 
when treated with hot alkali (caustic soda) suffered a destruction 
of its antineuritic activity without losing any of its bios activity. 
Bios was shown to have nothing in common with metallic catalyzers 
and to be different from the cozymase of Harden and Young, and 
hence not concerned specifically with fermentation. 

It became necessary to abandon the use of yeast as a simple 
test for thiamin although this technique was partly sound. Since 
the growth of yeast is favored by thiamin it can be used as a test 
object for this vitamin providing other factors are present. 

Repeatedly it was thought that a crystalline substance with the 
properties of bios had been obtained, but such was never proved. 

Two fundamental works gave the bios problem renewed im- 
petus. Miss Copping (1929) showed that various races of yeast 
respond differently, viz,y the wild yeasts thrive in vitamin-free 
synthetic solutions and therefore are autotrophic for growth fac- 
tors, whereas the tame yeasts, those which have been cultured for 
years, have become more or less heterotrophic and require the bios 
substances. The second piece of work, that of E. J. Fulmer, W. 
W. Duecker and V. E. Nelson (1923), showed that bios was not 
a single factor but rather a complex of factors differing in their 
properties. At this time the American and Canadian school (Lash 
Miller and his collaborators, 1930) began to dominate the field 
and to overshadow completely the Louvain school (IDE, 1921) to 
which WiLDlERS belongs. 

The methods employed for separating the bios fractions are as 
follows: bios I can be separated from bios II by precipitating the 
former by alcoholic baryta or basic lead acetate, the latter remain- 
ing in the filtrate. 

Bios I. — Bios I occurs in abundance in tea leaves, and 
it was from this source that Miss E. Eastcott (1928) isolated 
this fraction in the form of t-inositol. The bios II which she used 
was only a concentrate. Separately the two bios fractions are only 
slightly active. They must be used together if they are to assume 
their complete activity. The data presented by Miss Eastcott 
in 1928 clearly show the manner in which one fraction acts as the 
limiting factor on the other. 

The bios II fraction can be purified and analyzed. It has been 
shown to consist of two constituents, one adsorbed by animal char- 
coal (bios II6), and the other not adsorbed (bios Ila), according 
to the nomenclature used by Lash Miller (1933), Eastcott and 
Sparling (1932), Lash Miller, Eastcott and Machonachie 
(1933). The bios Ilb of Lash Miller is designated as Bios II by 
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Kogl, and bios Ila (Miller) as bios III (Kogl). It is on the 
basis of this method of separation of the two bios II components 
that all the subsequent investig'ations have been carried out. Both 
of these components have been chemically isolated. 

Bios II. — Bios Ila is not adsorbed by animal charcoal and 
remains in the filtrate. The study of this filtrate led to the 
discovery of several substances. At first its action was thoug^ht 
to be due to hydroxyaminobutyric acid, which was isolated from 
tomato juice and found to be active on yeast by Miss Stantial 
and Saunderson. However, this acid is inactive in its synthetic 
form. Hence its action must have been produced by an impurity.* 
During the same year. Lash Miller (1936) and R. J. Williams 
and E. Rohrman 1936 presented evidence showing that certain 
amino acids have bios activity. Miller showed that leucine had 
a pronounced effect, when used in the presence of concentrates of 
bios 11b. Williams and Rohrman demonstrated the importance 
of ;6-alanine which is extremely active when used in the presence 
of other bios materials (races of yeast employed: Wildiers% Ge- 
briider Mayer^s, Lash Miller’s, Kogl’s Race M). The activity of 
jS-alanine is greatest in the presence of aspartic acid, ^-alanine 
was also used by Lash Miller. With his yeasts the best results 
were obtained in the presence of a concentrate of bios lib together 
with Z-leucine and /3-alanine. In general the amino acids are active 
only when supplied in large dosages, hence it is not certain that 
they act as true growth factors (see p. 132, action of amino acids) . 
The filtrate remaining after the extract has been treated with 
animal charcoal undoubtedly contains other active factors which 
will be discussed later. This fraction (bios Ila of Lash Miller) 
corresponds to bios III of Kogl (see bios III, p. 128) . 

Bios II6 is the fraction adsorbed by animal charcoal and cor- 
responds to Bios II of Kogl. Investigations of this substance have 
given excellent results. The essential constituent of this fraction 
is biotin which acts in conjunction with pantothenic acid (see 
p. 129) . Biotin although present in yeast was not extracted from 
it, but instead from egg yolk (Kogl and Tonnis, 1936). The 
chemical relation between certain lipoids (lecithin) and bios had 
already been pointed out in some of the earliest publications on 
this subject (IDE, Devloo). The isolation of biotin was first 
accomplished by Kogl and Tonnis. They started with 250 kilo- 
grams of egg yolk and, by a series of masterly operations, suc- 
ceeded in isolating a small quantity of crystalline material. A 
highly active substance was obtained by the following procedure : 
precipitation by acetone, by alcohol, by basic and neutral lead ace- 
tate, an adsorption of the precipitate by animal charcoal, pre- 
cipitation by phosphotungstic acid, sublimation, and esterification, 
a precipitation with phosphotungstic acid, and finally distillation 

*The a-aminobyturic acid, /?- and y bydroxybutyric acids and also <x- 
amino-iS hydroxy-isobutyric acid have no action whatever. 
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in vacuum. The 250 kg. of egg yolk yielded only 1.1 mg. of 
crystalline biotin (melting point 148°C.), with an activity of 
25,000,000,000 us/gram, each unit (US) representing 1/25, OOOy. 
The Saccharomnyces unit (US) is the quantity of biotin which in 
5 hours, under the very precise conditions employed by Kogl, 
brings about a 100 per cent increase in the number of cells. This 
unit appears small but it corresponds to 120,000,000,000 molecules. 

Biotin is one of the most active substances known, its action being still 
visible in a dilution of 1:400,000,000,000. The methyl ester of biotin, accord- 
ing to Kogl and dxj Vigneaxid, has the empirical formula CnHisOsNaS. Like 
thiamin, biotin contains sulphur- The possible relationship between thiamin 
and biotin, from a chemical point of view, has been postulated (Grewe, 
Schopfer, 1934-1939), but has not been definitely established. The identity 
of biotin with vitamin H has been demonstrated (Gy5rgy et al., 1940). The 
chemistry of this vitamin has been advanced by Hoffman, Melville, and 
DU ViGNEAUD (1941), by Kogl and Man, and by Kogl and Pons (1941). Its 
structural formula has been established by DU Vigneaud (1942). 

If the standard growth curve obtained by means of yeast extract 
is compared with that obtained by means of the combination, bios 
I (^-inositol) plus bios II (biotin), a considerable difference is 
found. An additional factor (or factors) is present in the filtrate 
from the animal charcoal. The addition of this filtrate to bios I 
and II permits a growth comparable with that obtained by fur- 
nishing the crude extract of yeast. This observation led Kogl to 
conclude the existence of a third substance, bios III (bios TLa of 
Lash Miller) (van Hasselt, 1935), the composition of which 
has not yet been fully determined. 

Bios III. — It is strange but not altogether unexpected that 
the action, of bios III can be completely replaced by thiamin. 
It should be recalled that this was the first factor found essential 
for the growth of yeast (R. J. Williams). Its action was con- 
firmed by Nielsen and Hartelius (1938a). There are, however, 
some inconsistencies which have not yet been solved. Thiamin is 
adsorbed by animal charcoal whereas bios III is not. Furthermore, 
thiamin is much less thermostabile than the crude bios III of the 
filtrate. This might indicate that the activity of bios III is due 
to the components of thiamin since both of these are much more 
thermostabile than thiamin itself. 

The results obtained by various investigators (Kogl, Nielsen, 
Dagys, Almoslechner, K. Rippel, et al,) are difficult to compare 
since each employed different methods to measure the activity of 
these substances, e.g., the weight of the yeast formed, the number 
of cells produced from one cell, the number of cells formed per 
unit volume of medium, the nephelometric measurement (absorp- 
tion of light measured by means of a nephelometer involving the 
use of a photoelectric cell). Still other methods are based on the 
bios produced by a culture during the course of its development, 
and measure the rate of bios production or the amount produced 
during the entire period of growth. The various methods involve 
different phenomena with mechanisms which differ. K. Rippel 
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has made a critical examination of this problem which should be 
helpful in clearing up the difficulties. 


Pantothenic acid is probably associated with the bios Ila 
fraction. It has been investigated extensively by E,. J. Williams 
and his collaborators and deserves particular attention. Already 
in 1933, R. J, WILLIAMS, C. M. Lyman, G. H. Goodyear, J. H. 
Trxjsdail and T>. Holiday (1933) discovered a growth factor 
for yeast, of universal occurrence in both plant and animal tissues, 
which they called pantothenic acid. It was an hydroxyaliphatic acid 
of relatively high molecular weight, for which Williams and 
Mosher determined the dissociation constant by fractional electro- 
lysis. In 1938, Williams and collaborators isolated from liver a 
highly active preparation for which, in 1939, the formula 
(CsHa 405 N )2 was given. 

One of the components of pantothenic acid was found to be 
beta-alanine, for which Williams and Rohrman (1936) had al- 
ready discovered bios activity. The other component was shown 
to be a lactone and was identified as the lactone of a:-y-dihydroxy-j6, 
/3-dimethylbutyric acid (Williams and collaborators, 1940a) . 
Pantothenic acid ( H- , optically active) is therefore considered as : 
€x, y-dihydroxy-/?, y0-dimethylbutryl-^-alanide with the formula: 

CH 3 OH 

\ i 

HOCH^ -C — -CH CONH- -CH^ CHz COOH 

CHa 

This structure has been confirmed by partial and total synthesis. 
A partial synthesis was accomplished by treating beta-alanine with 
the impure natural lactone of the concentrate. The synthetic lac- 
tone (form — , optically inactive) is identical with the lactone 
obtained by the hydrolysis of natural pantothenic acid. Panto- 
thenic acid ( + ) was synthesized not only from the natural lactone 
but also from the synthetic lactone (form — ) . The latter synthesis 
yielded a product having the same physiological activity as the 
pantothenic acid resynthesized from the natural form. 

Finally, the racemic and ( — ) forms of pantothenic acid were 
synthesized from the racemic lactone and its ( + ) form. The 


activities of the three forms are : 

pantothenic acid ( + ) 100% 

pantothenic acid, racemic mixture 50% 

pantothenic acid ( — ) 0 


This remarkable series of investigations, pursued with tenacity 
since 1933, has achieved remarkable results. As a consequence 
thereof, pantothenic acid must be added to the list of substances 
indispensable for certain yeasts. 

The position of pantothenic acid in the usual classification 
of bios (I, Ila, II6) is still uncertain. At first it seemed that 
pantothenic acid could be placed in the bios II6 fraction along 
with biotin, but this idea had to be abandoned when it was shown 
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by R. J. Williams, R. E. Eakik, and E. E. Snell (19406) that, 
with various races of yeast, the two substances have an additive 
action. 

Pyridoxine (adermin, vitamin Be). — In addition to the fac- 
tors already discussed, the recently discovered vitamin Bq has been 
shown by Mollee to be necessary for lactic acid bacteria, and 
likewise as a growth factor for yeast (R. E. Eakin and R. J. 
Williams, 1939). 

Thus we have at least six chemically identified factors with 
bios activity which according to the American investigations pro- 
mote the growth of yeast almost but not quite as well as the stan- 
dard (extract of liver). 



Fig- 10- — Growth of yeast, SacchaTomyces cerevisiae 
(Gehriider Mayer race), in the presence of various combina- 
tions of factors (from R. J. Williams, R. E. Eakin, and 
E. E. Snell. 1940b)- 


Figure 10 shows the interrelationship of action among the 
factors. 

The basal medium was enriched with the following supple- 
ments : 

(y/1 cc. of medium) 


inositol 5.0 

thiamin 0.04 

biotin : 0.0001 

pantothenic acid 0.006 

/5-alanine 1.0 

pyridoxine 0.04 
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These supplements were used in various combinations. Their 
action is shown by the growth curves : 

Curve 1 : basal medium (alone) 

Hh pantothenic acid 
+ /3-alanine 
+ biotin 

-{- inositol, thiamin, biotin, pyridoxine 
+ inositol, thiamin, biotin, /?-alanine ('without 
pyridoxine) 

4- inositol, biotin, /3-alanine, pyridoxine (with- 
out thiamin) 

4- thiamin, biotin, /3-alanine, pyridoxine (with- 
out inositol) 

4- thiamin, /3-alanine, inositol, pyridoxine 
(without biotin) 

4“ inositol, thiamin, biotin, pyridoxine, panto- 
thenic acid (without jff-alanine) 

-h inositol, thiamin, biotin, pyridoxine, P- 
alanine ('without pantothenic acid) 

4- as in 11, 4- 0.2 mg./cc. of crude extract 
of liver. 

employed: ‘^Gebriider Mayer’O 

Biotin is highly beneficial (see No. 9 without biotin). Beta-alanine 
and pantothenic acid are also clearly active. For this particular 
race of yeast vitamins Bi and Be are ineffective, probably because 
they are synthesized by this organism; however, this is not the 
case with certain other races (‘‘Old Process’" and Fleischmann 
bakers" yeast) . There are still other unidentified factors required 
by this yeast as evidenced by the fact that the extract of liver is 
superior to any of the combinations of known vitamins employed 
(compare curve No. 12 with 10 or 11). 

Other factors. — Bios V. — According to Miss Farell. an 
unidentified factor with bios activity can be obtained from 
tomato juice by precipitation with tannin. To this unknown she 
gave the name bios V. This precipitate has been enriched and con- 
centrated by Miss Elder. It is particularly beneficial to Saccharo- 
myces hanseniaspora valhyensis, but, according to Miss Elder, 
is not required by Saccharomyces cerevisiae galactosus. Its action 
cannot be replaced by any of the following sugars : c?-ribose, xylose, 
Z-arabinose, d-arabinose or rhamnose. Recently Marchant (1942) 
has identified bios V as thiamin. 

Bios VII and VIII, — Miss Elder showed that S, hanseniaspora 
valhyensis requires two factors not essential to S. cerevisiae, one 
of these, bios VII, is contained in the crude bios 11b solution and 
the other, bios VIII, in the crude bios Ila solution. Marchant 
found that bios VII can almost be replaced by pyridoxine. Since 
the latter is slightly less effective than bios VII he concluded that 
this bios is multiple and that one of the constituents is pyridoxine. 
Experiments by the same author indicated that the growth of S. 
hanseniaspora valhyensis. Yeast 2335, and S. galactosus is more 
abundant when supplied with crude bios Ila than when supplied 


2 : 

3: 

4: 

5: 

6: 


10 

11 

12 


(race of yes 
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with /3-alanine plus Z-leucine, hence this fraction of bios contains 
an unknown constituent essential to at least three yeasts. Its 
identity remains to be determined. 

Sterol, — According to Devx.00 a sterol important for the 
growth of yeast is present in the filtrate of the phosphotungstic 
precipitate remaining after preparation of biotin. This biosterol 
can be replaced by other sterols : sitosterol, ergosterol or calciferol. 
Ergosterol is pro-vitamin D, and is changed to vitamin (cal- 
ciferol) upon irradiation by ultra violet light. 

To summarize the constituents of the bios complex the follow- 
ing list (which is still incomplete) may be presented: 
bios I : -t-inositol ; precipitated by lead acetate, 
bios Ila: yd-alanine; not precipitated by lead acetate (Z-leucine), 
not adsorbed by animal charcoal, 
bios II6 : biotin; adsorbed by animal charcoal ; obtained from 
the product liberated from the adsorbate, precipitated by 
phosphotungstic acid. 

bios III : replaceable by thiamin, but not adsorbed, or only par- 
tially adsorbed by animal charcoal, 
bios IV ; terminology not used. 
pantothenic acid 
pyridoxine {vitamin Be) 
possibly sterol. 

If we assume that the principal bios factors can all be extracted 
from the same original material we have the following scheme 
providing we consider only the chief characteristics of each sub- 
stance : 


Original material 

-|- tannin — precipitation — > Bios V 
filtrate 

-f- lead acetate — precipitation — > Bios I 


Bios 'lla 


-{- animal charcoal 
filtrate adsorbate 

elution 

Bios III phosphotungstic acid - 

(Other factors?) ^trate 

hiosterol 


► Bios Ilb 


The amino acids. — Beta-alanine and Z-leucine must undoubt- 
edly be considered as growth factors. However, these sub- 
stances are on the borderline between growth factors and ordinary 
nutrients. Nielsen et al, have made a very careful study of the 
assimilation of amino acids by yeast. Thirty-four amino acids 
were added to a medium composed of beer wort from which the 
growth factors were removed by biological adsorption (the medium. 
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before the amino acids were added, had previously been agitated in 
the presence of yeast which adsorbed the active factors) . Only 
six amino acids were found to be active: y^-alanine, asparagine, 
aspartic acid, glutamic acid, lysine and arginine. When used singly 
these amino acids have no beneficial effect, in fact, they may 
even be toxic. When used in the proper combination jS-alanine is 
the most active of these acids in promoting the growth of yeast, 
when used alone it is toxic. Its maximal action is exhibited in 
the presence of asparagine, glutamic acid and thiamin. Its action 
is not due to an impurity, because Nielsen and Hartelius (19385) 
were able to extract an active ^S-alanine (or an asparagine) from 
alanyl-glycine and from glycyl-aspartic acid, both of which are in- 
active. Janke has attempted to explain the toxic effect of p- 
alanine, when used alone, in the following manner: in the absence 
of asparagine, other amino acids must be diverted from their orig- 
inal destination (the production of proteinaceous materials) in 
order to be combined with /?-alanine. This results in an inhibition 
of development. 

The most interesting observation of Nielsen and Hartelius 
is that the activity of /3-alanine is possible only in the presence 
of biotin, thiamin, asparagine and glutamic acid. The last two 
substances can, however, be replaced by organic acids. Citric 
acid in particular is highly active and behaves in such a way 
that the optimal dosage of /?-alanine is reduced to about one-tenth 
of the usual size. This represents a kind of “sparing’’ action of 
yS-alanine under the influence of citric acid. Not all the amino 
acids behave in the same manner nor do they belong to the same 
category. Some of them may be assimilated as sources of nitrogen, 
viz., asparagine, arginine and glutamic acid. The latter two can 
function in this capacity only when ammonium sulphate is not in 
excess. The amino acids, with the exception of ^S-alanine and 
Z-leucine, are required in concentrations which are too high 
(1:10,000 and 1:20,000) to regard them as growth factors. Ac- 
cording to the opinion of the author they are micro-nutrients. On 
the other hand, /3-alanine and Z-leucine, which are not assimilated 
as a source of nitrogen, can be considered as growth factors, espe- 
cially since it is known that /3-alanine acts as a precursor of panto- 
thenic acid. To distinguish categorically between the two roles 
played by amino acids (as material for the construction of pro- 
teins, and as true growth factors) is not easy. Further investi- 
gations concerning this aspect of nutrition are necessary (see p. 
145, amino acids for other microorganisms) . 

Organisms dependent upon various constituents of bios. 
Variation in the extent of loss of capacity for synthesis. — The 

common yeast, Saccharomyces cerevisiae, is not the only one which 
is dependent on bios 'when grown on a synthetic medium. Other 
yeasts, bacteria, and fungi also require various bios factors. 

Among the bacteria. Staphylococcus pyogeixes aureus, which 
requires thiamin or its components and nicotinic acid (Knight), 
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increases its growth 700 per cent upon the addition of O.OOSy 
of biotin (K5gl and v. Wagtendqnk, 1938). Recently it was 
shown by West and Wilson (1939) that biotin (coenzyme R) is 
the principal growth factor of Rhizohium trifolii (see p. 160). 

Pantothenic acid has been studied extensively in connection 
with the bacteria. Orla- Jensen et aL have claimed that this sub- 
stance acts as a growth factor for certain lactic bacilli but they 
presented no evidence to support their claim. In 1938, Snell, 
Strong, and Peterson found that pantothenic acid acts as a growth 
factor for various bacteria: Bacillv^ lactis acidi, Lactobacillus 
arabinosus, Lactobacillus pentosus, Lactobacillus JDelbrilchii, Ba- 
cillus brassicae, Streptococcus lactis, Leuconostoc mesenteroides, 
and Propionibacterium pentosaceum. Similar results were obtained 
by Kraxjskopf, Snell and McCoy with various propionic bacteria : 
Propionibacterium pentosaceum, Pr, Thonii, Pr. Jenseniiy Pr. Zeae, 
Pr. arabinosum, Pr, SKermanii, and Pr. Freudenreichii. Many 
pathogenic bacteria of the colon-dysentery and typhus groups, vari- 
ous aerobes and non-spore forming anaerobes do not react to 
pantothenic acid. The streptococci and certain lactic bacilli require 
pantothenic acid and, in addition, riboflavin. It should be noted, 
however, that pure pantothenic acid was not used in any of the 
above mentioned experiments. The substance used was a synthetic 
product obtained by combining /?-alanine with an unidentified 
natural portion. Moller has shown for various lactic bacilli that 
the action of such a preparation was due not to the pantothenic 
acid itself but instead to a group of factors occurring with the 
pantothenic acid as impurities. Certain reservations must be made 
in considering results obtained with pantothenic acid. It seems 
very probable, however, that this substance acts as a growth factor 
for Streptococcus lactis — 125 (Williams and collaborators). 

In the case of Cory neb act erium diphtheriae, pantothenic acid 
acts through its ^-alanine component which is an essential growth 
factor for this microorganism. 

Much more definite results have been obtained by Subbarow 
and Rane (1939) with a hemolytic streptococcus (Dochez NY 5 
strain) . In this case an analogue of pantothenic acid was found 
to be active- This substance was made by the conjugation of 
iS-alanine ethyl ester with the acetylchloride of acetylated 2,5-dihy- 
droxyvaleric acid. However, the material so prepared was needed 
in larger amounts than was pantothenic acid. The bios substances 
are just now being studied in connection with bacteria and much 
remains to be done in this field. 

Three of the bios fractions were studied rather extensively in 
connection with a certain number of fungi by Fries (1938). The 
growth of N ematospora Gossypii is increased only slightly by inosi- 
tol, thiamin and biotin, when used singly. The combination inositol 
-h biotin has a marked effect which is further amplified by the 
addition of thiamin. The combination inositol + biotin plays 
the role of the limiting factor. The growth of Melanconium betu- 
linum is markedly increased by the combination biotin -f- thiamin. 
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When inositol is added to the combination a further increase in 
growth is obtained. The three factors used together are as active 
as yeast extract^. 

Valsa pini and Hypoxylon pr^infiatufYYi grow almost as well when 
supplied with the combination thiamin + biotin as when supplied 
with yeast extract. The addition of inositol as the third factor 
of the combination has only a slight effect. 

The most effective combination of factors for TrichophytoTi 
interdigitalis comprises thiamin + inositol -f* pantothenic acid + 
riboflavin. The strange thing is that each of the factors, when 
used singly is clearly beneficial (phenomenon of replacement?) 
(Mosher and collaborators, 1936 ) 2 . 

A few substances related to the bios factors mentioned above 
are also able to function as bios. Mannitol when used in conjunc- 
tion with a preparation of thiamin (torulin of Peters) acts as a 
growth factor for Streptothrix corallinus i Actinomyces corallinus ') . 

These observations show that the need for growth factors, in 
other words the loss of capacity for synthesis, varies considerably 
even in closely related organisms. This is further exemplified by 
the yeasts. Lash Miller and his students have shown that the 
requirements of yeasts differ widely. Saccharomyces cerevisiae 
(race utilized by Miller and co workers) requires bios I (inositol) 
and bios II& (impure) and reacts strongly to y?-alanine and leucine 
(bios Ila) . Saccharomyces mandshuricus and Zy gosaccharomyces 
mandshuricus do not react to inositol. Differences in growth fac- 
tor requirements exist between races of yeast within the same 
species. This is clearly demonstrated by Williams et aL (p. 130) 
in their work with Saccharomyces cerevisiae and the constellation 
pantothenic acid 4- ^^-alanine + biotin -h inositol -f- pyridoxine. 
The ^‘Gebriider Mayer’’ race does not respond to pyridoxine; the 
same is true of the “Old Process” race. The race known as 
“Fleischmann bakers’ yeast” responds very weakly to thiamin 
added to the constellation inositol 4- biotin + ^S-alanine -H pyri- 
doxine. When thiamin is substituted in place of inositol in this 
constellation of four factors the activity remains unchanged. Thia- 
min apparently is able to replace inositol. The phenomena involved 
are extremely complex. Usually when a factor is inactive the 
assumption is that the factor is synthesized ; however, if the factor 
occurs as a member of a complex constellation there is always the 
possibility that replacement phenomena are operative (p. 208). 

Changes in the capacity for synthesis may sometimes occur 
in a most unexpected manner. For example, Saccharomyces cere- 
visiae (“Gebriider Mayer” race), which requires pantothenic acid 
can by a long period of “training”, become self sufficient in this 
respect. The only possible explanation (providing the phenomenon 
of replacement is omitted) is that the capacity for synthesis, which 
perhaps has not been completely lost, can be restored to normal. 

The fact that pantothenic acid is made up of two components, 
one of which, /5-alanine, is effective by itself in some cases as a 


“ See Additions, p. 271. 
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grrowth factor, sug'^ests that the loss of capacity for synthesis 
involves only one component (the one which acts as a growth fac- 
tor) . If pantothenic acid is actually a universal factor, one can 
assume that an organism which requires only /3-alanine is able 
to synthesize the lactone component and to utilize the two com- 
ponents in the biosynthesis of pantothenic acid. This calls to 
attention the case of Corynehactervwm diphtheriae which reacts 
very strongly to /3-alanine. A more difficult situation to explain 
is one in which /3-alanine and pantothenic acid are effective only 
when both are present. In any event ^-alanine can be considered 
as the precursor of pantothenic acid. 

Specificity of action of bios substances. — Investigations in 
this connection are, for the most part, very limited. 

Bios I ('i-inositol). — Lash Miller (1930) and his students 
at the time they discovered bios I, observed that 2 -inositol could not 
be replaced by quebrachitol (methyl ether of inositol) , by scyllitol 
(stereoisomer of inositol) or by quercitol. Kogl and van Hasselt 
noted the inactivity of a series of several polyatomic aliphatic alco- 
hols : Z-arabitol, adonitol, dulcitol, d-sorbitol, d-mannitol, as well as 
cyclic alcohols : Z-inositol, scyllitol. 

The specificity of this factor is therefore very pronounced, if 
only the optically inactive form of inositol is to be considered as 
active and the stereoisomers inactive. 
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Mannitol, 

which in conjunction 

with thiamin (torulin 


Peters) acts as a growth factor for Streptothrix corallvnus, cannot 
be replaced by inositol (Reader). 

Biotin, — No investigation has been made. 

Thiamin. — The numerous substitution products of thiamin 
and its components have not yet been studied concerning their 
effects on yeasts. However, it was observed by Schultz, Atkin 
and Prey (1938) that thiamin, as a bios supplement for Saccharo- 
myces cerevisiae, could be replaced by pyrimidine and thiazole. In 
the fermentation test of the above named authors pyrimidine alone 
(2-methyl-4-amino-5-amino-methylpyrimidine) could be replaced 
by 2-methyl-5-ethoxy-methyl-6“aminopyrimidine. It would be very 
interesting to study the numerous substitution products of this 
vitamin regarding their effects on yeasts. 

Sterol, — Its position among the bios substances is still uncer- 
tain. It can be replaced by ergosterol, sitosterol and calciferol 
(irradiated ergosterol, better known as vitamin Da). 
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Pantothenic acid, — Some very interesting results have been 
obtained regarding the specificity of this factor. We have already 
seen that pantothenic acid ( +- ) possesses strong activity, that the 
racemic mixture is only half as active, and the ( — ) form is in- 
active. Various analogues of pantothenic acid have been synthe- 
sized by combining j0-alanine with various lactones. The specificity 
of action has been studied with Streptococcus lactis (see lactic bac- 
teria, p. 164). 

Functions of bios components. — The only member of this 
group which has been studied in detail is thiamin (see p. 189). 
Although biotin, which is essential for yeast and other organisms 
has received considerable attention, it is not known how this factor 
acts in the metabolism. Its universal distribution and its presence 
in quantity in seeds permits the supposition that this bios sub- 
stance must take part in a very general function. Its presence in 
the ovarian follicles of the chicken, in which the content increases 
with the bird’s development, is one proof of its importance. The 
biotin content increases from 439 US (weight of follicle, 0.7 g.) 
to 1562 US (weight of follicle, 18.1 g.) (Kogl and van Hasselt). 
It is necessary to mention in passing the presence of large quanti- 
ties of biotin in the concentrates of the antigray factor of A. 
Morgan. The coexistence of these factors gives rise to various 
suppositions, but does not permit the assumption that the two 
substances are actually identical. Furthermore, it should be re- 
called that biotin plays an important role in the growth of embryos 
deprived of their cotyledons and that it occurs in abundance in 
the buds and young leaves of Quercus Rohur and Salix fragilis 
(Dagys) . 

Pantothenic acid has been investigated to some extent regard- 
ing its function. Williams and Pratt found that pure pantothenic 
acid in small dosage favors respiration of yeast (“Gebriider May- 
er’s” race and Fleischmann’s races) . Likewise, fermentation is 
stimulated by pantothenic acid in a medium containing dialyzed 
macerated yeast. This evidence, although fragmentary, suggests 
that pantothenic acid takes part in one or several general functions. 
Hellinga succeeded in demonstrating that substances produced 
by certain fungi {Fusariwm, for example) growing as parasites in 
the potato plant accelerate the respiration of the host tissues. In- 
asmuch as biotin, thiamin, riboflavin, inositol, ascorbic acid and 
heteroauxin are inactive, the possibility that pantothenic acid is 
the active agent is not excluded. 
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NICOTINIC ACID AND ITS AMIDE. 

Introduction and general considerations concerning the action 
of this factor on Staphylococcus. — Nicotinic acid (and its amide) 
is now well established as a vitamin in the field of animal 
physiology, representing one of the important constituents of the 
heat-stable group of B vitamins sometimes referred to as the vita- 
min B 2 complex. It is widely distributed in plant and animal 
tissues where it functions as a constituent of an enzyme and as a 
proenzyme. This vitamin has the property of preventing and curing 
pellagra in man and its analogue, blacktongue, in dogs. The identi- 
fication of the antipellagra vitamin (antiblacktongue vitamin) as a 
nicotinamide was made by Elvehjem and his coworkers in 1937 
after they had isolated it in crystalline form from calves liver. 

The first investigations on this factor, however, began in the 
field of microbiology with Staphylococcus pyogenes aureus. 
Hughes (1932) in studying the growth of this bacterium on a 
synthetic medium observed that its culture is possible only in the 
presence of unknown natural substances. According to Mueller, 
an acid hydrolyzate of casein does not assure growth of the organ- 
ism; it is necessary to add 0.001 per cent extract of meat. This 
extract alone has no action when supplied in dosages below 0.5 
per cent. By fractionation of the meat extract HUGHES obtained 
a preparation which when added to the hydrolyzed casein is active 
in a dosage of 1 part per 50 millions of medium. 

Independently Knight (1935) showed that the extract of mar- 
mite is an excellent source of the growth factor required by Staphy- 
lococcus aureus. The medium employed was composed of a hydro- 
lyzate of casein, tryptophane, tyrosine, cystine and glucose. The 
marmite extract is also a source of the ‘‘sporogenes vitamin’ ' re- 
quired by B, hotulinus but this factor is not identical with that 
required by Staphylococcus aureus. Beginning with the marmite 
extract, Knight carried out experiments designed to concentrate 
and purify the active agent. From 2 kilograms of marmite he 
obtained 54 grams (2.7% of the weight of the original) of a highly 
active substance, soluble in absolute ethyl alcohol and not precipi- 
table by mercuric chloride. This substance was further concen- 
trated by distillation in vacuum at lOS'^C. The product obtained 
was colorless, viscous, and non-crystalline. The threshold of activ- 
ity was about 7.7 mg. for 10 cc. of medium or 10“®. It gave a posi- 
tive reaction to the test for pyridines with 2,4-dinitro, 1-chloro- 
benzine, thereby suggesting the possibility of a pyridine nucleus. 
It was suspected of being a primary or secondary aliphatic amine. 
Knight then observed that a preparation of cozymase (correspond- 
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ing: to factor V of the hemophilic organisms) containing nicotin- 
amide was active in a dosage of 0-2y per cc. He found that nico- 
tinic acid was similarly active and able to replace completely the 
factor which he had concentrated from marmite. The action of 
nicotinic acid was obviously not due to an impurity (Knight, 
1937). This substance must therefore be regarded as one of the 
members of a complex group of factors required by Staphylococcus 
aureus. Various strains of S. aureus and S. albus react to the 
factor concentrated by Knight. 

The growth factor requirements of Staphylococcus aureus must 
be rather complex because pure nicotinic acid alone is inactive. It 
is active only in the presence of thiamin. Nicotinamide when 
added to a medium containing the hydrolyzate of gelatin, is active 
in a dosage as low as O.lGy per 10 cc. of medium (the supplementary 
factor being present in the hydrolyzate). 

From these observations the conclusion can be drawn that at 
least two growth factors, nicotinamide and thiamin, are essen- 
tial to the growth of this bacterium. Nicotinic acid e:5iibits activ- 
ity in a dosage as low as 0.032y/10 cc. of medium (2.6 X lO-^ M.) 
in the presence of thiamin (2 X 10-'^ M. for 10 cc.) after 46 hours. 
Thiamin displays activity in a dosage as low as 5 X lO-^o jvt. or 
O.OOOlSy per cc. of medium when used in the presence of nicotin- 
amide (1 X 10”® M. per 10 cc. of medium). Thus thiamin has a 
much greater activity than nicotinic acid. It can be replaced, as 
we have seen (p. 108), by its components pyrimidine and thiazole. 
Nicotinic acid, although not particularly active in itself, completes 
the action of other factors which are more active. 

The action of nicotinamide on Staphylococcus aureus was 
confirmed by Tandy (1938) who made an extensive study of its 
specificity of action, as well as by Koser, Dorfman and Saunders 
(1938), and Kogl and V. Wagtendonk (1938). 

KOGU and v. Wagtendonk (1938) demonstrated a third factor 
for S. aureus, namely, biotin^ (bios II6, see p. 127). This sub- 
stance when used in conjunction with suboptimal dosages of thia- 
min and nicotinic acid has a marked effect on the growth of this 
organism. When used alone, biotin exhibits some activity but 
not as great as when used in combination with the other two 
factors. 


Table XI. — Action of biotin, thiamin and nicotinic acid on Staphylococctcs 
aureus (from Kogl and v. Wagtendonk, 1938). 


biotin 
y/cc. of 
medium* 

0.05y thiamin 

0.05y nicotinic acid 
per cc. of medium 

5y thiamin 

5y nicotinic acid 
per cc. of medium 

0 

150% 

675% 

0.005 

665% 

770% 

0.05 

690% 

800% 

0.5 

715% 

820% 

5 

745% 

870% 


* Knight’s medium. 

^ Confirmed by Porter and Pelczar (1941). 
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The results are expressed in terms of percentag^e increase in 
growth. 

It is surprising that the same action amounting to about 670 
per cent increase in growth can be exercised by the combination of 
two factors, thiamin H- nicotinic acid (5y of each) as by three 
factors, thiamin (O.OSy) + nicotinic acid (O.OSy) -h biotin 
(O.OOSy) (see figures italicized in table 11). Apparently biotin 
permits a more economical use of the other two factors. The 
phenomenon illustrated here is that of replacement of factors when 
the dosages are supraoptimal. We merely mention this phe- 
nomenon without attempting to explain it, since we do not know 
what actually takes place. We do not know in what manner the 
capacity for synthesis of each of these substances is influenced 
reciprocally by the presence of various dosages of each of the 
factors. We shall return to this subject later. 

Nicotinic acid has been found to act as a growth factor for 
other organisms. It is the only factor required by B. proteuSy 
hence this organism can serve as a simple test object for the assay 
of this anti-pellagra vitamin. The dysentery bacillus also re- 
quires this factor (Koser, Dorpman and Saunders). The mini- 
mum requirements are : Flexner strain 0.004y per cc.. Hiss Y strain 
O.Oly per cc.. Strong strain O.Oly per cc. (growth period, four 
days) . These results were obtained on a basal medium containing 
glucose, inorganic salts and 15 amino acids. 

Mueller (1937) considers nicotinic acid as an accessory growth 
factor of CorynehacteriuTn diphtheriae (Fig. 11) . The liver extract 
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Fig. 11. — Action of nicotinic acid on the development 
of the diphtheria bacillus (from J. H. Mueller, 1937). 
o = crystalline preparation from liver extract. 

□ a= nicotinic acid. 

(crystalline preparation) (10 mg. from 300 kg. of liver) has the 
same activity as pure nicotinic acid. The optimal dosage is lOy 
per 10 cc. of medium. Nicotinic acid is only one of a group of 
factors affecting the growth of this organism, the others being 
pimelic acid and beta-alanine with the latter indispensable for 
growth. 

Nicotinic acid is also utilized by the lactic bacteria (Snell, 
Strong, and Peterson) . 
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Cozymase (diphosphopyridine nucleotide or coenzyme I) which 
acts as a growth factor for certain hemophilic organisms, contains 
nicotinic acid. It is active on the organisms which require nico- 
tinic acid as a growth factor. It has not been proven that the two 
substances play the same role and that the one is only the precursor 
of the other, although with animal pellagra the deficiency of the 
blood in codehydrogenase can be compensated by oral ingestion of 
nicotinic acid. 

In the animal body, nicotinic acid is transformed into the amide 
and fixed in the cell as a constituent of more complex sub- 
stances. The two coenzymes (coenzyme I and coenzyme II or 
Warburg's coenzyme) although they contain nicotinamide as the 
active constituent for hydrogenation, have only a 'weak vitamin 
action on animals. It might therefore be assumed that the anti- 
pellagra action is due to other compounds containing nicotinam- 
ide. This amide may occur in still other compounds. It may be 
recalled that the pyridine nucleus can occur as a constituent of the 
hetero vitamins of Bi which undoubtedly are found in nature. This 
problem of relationship between coenzymes I and II (codehydro- 
genases) and nicotinic acid in plants and microorganisms has not 
yet been solved. 

Specificity of action of nicotinic acid. — In animals the anti- 
pellagra vitamin (nicotinic acid) takes part in two funda- 
mental phenomena, (1) the formation of hemin, and (2) the utiliza- 
tion of proteins. The specificity of action in animals has not yet 
been studied thoroughly. It is known, however, that plants have 
an antipellagra action by virtue of another substance, trigonelline 
(internal salt of N-methyl-pyridine-^-carbonic acid), which gives 
rise to nicotinic acid and has the same activity as the latter. A 
reciprocal transformation of the two substances into one another is 
possible in animals. 

In plants, more particularly the microorganisms, the specificity 
of action has been studied extensively by Knight (1937a), Knight 
and McIlwain (1938) {Staph'ylococcus aureus) y hy 'LtA'N'DY (1938) 
{Staphylococcus aureus) y and also by Koser, Doreman and Saun- 
ders (1938) (dysentery bacilli). According to Landy, nicotin- 


NICOTINIC ACID 

(PYRIDINE-3-CARBOXYLIC ACId) 



amide has ten times the activity of nicotinic acid ; the ethyl amide 
and the sodium and ammonium salts of nicotinic acid are 1/5 times 
as active, and the methyl ester 1/25 as active as nicotinic acid. 
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Trigonelline (chloride and methyl sulphate), despite its activity 
on animals, is inactive for Staphylococcus (Knight and McIlwain, 

The following table summarizes the activity of the principal 
products employed. 

The following pyridines, methyl and ethyl esters and the amide 
of nicotinic acid, are active on Staphylococcus and the dysentery 
bacillus Shigella. Other pyridines have been tested by Knight 
and found inactive. 

Table XII. — Specificity of action of nicotinic acid (from 
Landy, 1938, modified). 

Staphyloaoccus dysentery 

awretis bacillus 


Pyridine 3-Carboxylic Amide + + 

Pyridine 3-Carboxylic Ethyl Amide + 

Pyridine 3-Carboxylic Diethyl Amide (Cora- 

mine) — 

Pyridine 2,3-Dicarboxylic Acid — 

Sodium Pyridine 3-Carboxylate -f- 

Ammonium-Pyridine-3-Carboxylate 4- 

Ethyl Pyridine 3-Carboxylate H- + 

2-Methyl Pyridine — 

Pyridine 2- Carboxylic Acid (Picolinic Acid) — 

4-Methyl Pyridine — 


Pyridine 4-Carboxylic Acid (Isonicotinic Acid) 


Dorfman, Koser and Saunders (1938), working with the 
dysentery bacillus, studied a series of other derivatives of nicotinic 
acid. In addition to nicotinic acid and nicotinamide, they found 
that methyl nicotinate was active (comparable to veal infusion 
broth) at a concentration of M X 10-'^; trigonelline amide, ethyl 
nicotinate, nicotinuric acid, and ethyl nicotino-acetate were active 
at M X 10"®, nicotinic acid N-methyl amide active at M X 10-®, 
and nicotinonitrile active at M 10-^. Picolinic and quinolic acids 
were somewhat active at a dosage of M X 10“^, but the samples 
probably were contaminated by traces of nicotinic acid. 

The specificity of this vitamin is not absolute, ^.e., a few sub- 
stitutions are possible. Moreover, the degree of specificity de- 
creases as the dosage is increased. 

Growth of Staphylococcus aureus under anaerobic conditions; 
uracil as a growth factor. — When cultured under aerobic condi- 
tions on the basal medium described above, S. aureus requires three 
growth factors : thiamin, nicotinic acid, and biotin. Under anaero- 
bic conditions, this organism can not grow unless biotin is present 
and, in addition, it is favored by pyruvic acid and an unknown sub- 
stance functioning as a growth factor. This substance occurs in 
marmite and in nucleic acid from yeast. Experiments on the degra- 
dation of the molecule showed the structure to be that of a 
pyrimidine. This factor was identified by Kichardson (1936) as 
uracil (2, 6-dihydroxypyrimidine) . The synthetic product exhibits 
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activity (at the end of 68 hours) in a concentration as low as 
M/2,500,000. This dosage is small enough to be characteristic of 
a true growth factor. Richardson tested 31 other substances, but 
found no activity in any of them. The compounds included: thy- 
mine (5-methyluracil) , 4-methyluracil, 1,3-dimethyluracil, 1,3,4- 
trimethyluracil, xanthine, theobromine, cytostine, isocytosine, 
guanine, adenine. The fact that these compounds so closely related 
to uracil are inactive shows that the specificity of the latter is very 
pronounced. The only compounds having any activity were the 
following when used in combination : cytosine, isocytosine, guanine, 
and adenine. These produce only a small amount of gro\^h which 
is augmented considerably by the addition of uracil. 

It can be assumed that Staphylococcus aureus is able to synthe- 
size a substance under aerobic conditions which it can not syn- 
thesize under anaerobic conditions. This assumption was sub- 
stantiated in the following manner: aerobically grown bacteria 
were hydrolyzed with a molar solution of HCl and the products of 
hydrolysis were neutralized and added to an anaerobic culture; in 
another series the filtered and sterilized culture medium was added. 
Both of these preparations, but particularly the bacterial hydro- 
lyzate, proved effective in supporting anaerobic growth of iS. 
aureus. The indispensable factor can therefore be sjmthesized 
aerobically. This synthesis can also be accomplished by Bact, 
thyphosum, 

S. aureus is the only organism requiring this pyrimidine base 
as a growth factor. 

Uracil is an important constituent of living matter. Levene 
considers it as a primary product and not as a product of deamina- 
tion of cytosine. This substance must be widely distributed in bac- 
teria as an eventual constituent of nucleotides. Whenever a bac- 
terium is unable to synthesize this portion of the nucleotide 
molecule, it must be supplied as a growth factor. 

Amino acids and the development of Staphylococcus aureus* 

— The addition of a hydrolyzate of casein to the basal medium 
of aureus always introduces an unknown. The hydrolyzate 
of casein is added to the culture medium of this bacterium for 
the purpose of supplying the indispensable amino acids which 
the organism cannot synthesize from the mineral medium. Fildes 
and his students have investigated the possibility of making up a 
truly synthetic medium by replacing the hydrolyzate of casein by 
an appropriate mixture of amino acids. They (Fildes, Richard- 
son, Knight and Gladstone, 1936) found that the following 
amino acids* may be utilized for the synthetic medium : alanine 
(s)**, valine (s), leucine (s), glycine (s), Z-proline, Z-hydroxypro- 
line, aspartic acid (s), (f-glutamic acid, methionine (s), phenylalan- 
ine (s), Z-tyrosine, d-arginine, Z-histidine, lysine (s). This medium 

*The methionine was employed, in a concentration of M/50,000 ; the cystine M/5, 000- 
M/10,000 ; the tryptophane M/20,000; and the other amino acids M/1.500 and M/1,000. 

**s == synthetic preparation. 
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is suitable for either aerobic or anaerobic cultures. Cystine can be 
replaced by another sulphur containing organic compound, for ex- 
ample sodium mercaptoa-cetate. 

The above mixture is required by the *‘untrained^’ strains. Ex- 
haustive studies by Gladstone (193T) revealed, however, that the 
bacterium can be ‘Trained’' progressively to do without these amino 
acids and to satisfy its nitrogen requirements with ammonium as 
the sole source of nitrogen. Actually it is not a matter of the 
organism getting along without these amino acids ; instead it has 
acquired the ability to accomplish their synthesis. The number 
of amino acids required decreases as follows : 12, 9, 6, 3, 2 and 
finally only cystine is represented ; even it can be eliminated through 
replacement by mercaptoacetic acid. It is very probable that the 
capacity for synthesis of each of these amino acids had not been 
lost completely. 

The list of amino acids required by Cl. sporo genes is very simi- 
lar to that required by iS. aureus (Fildes and Eichardson, 1935), 
the significant difference being that the former requires, among 
others, tryptophane. This factor apparently plays an essential 
role, since it is absolutely indispensable. It is required in a final 
concentration of M/10,000. 

The action of amino acids on bacteria presents a theoretical 
problem of a general nature. It is identical with that presented 
in connection with the amino acids and yeast. The question is^ — 
should these compounds be considered as true growth factors? The 
author’s definition stipulates that one of the characteristics of a 
true growth factor of vitamin nature is that it should be a coenzyme 
or a fragment of a coenzyme. If, in Staphylococcus, the amino 
acids are required strictly for the production of specific proteins 
they cannot be considered as growth factors. Since they are effec- 
tive in relatively small dosages they can be considered as “micro- 
nutrients” according to Janke’s definition of the term. The 
dosages required are smaller than those of ordinary nutrients but 
larger than the usual dosage of growth factors. This problem 
of placing the amino acids in the proper category cannot be solved 
until the function of each of these acids is known. 

The case of tryptophane is particularly strange. It is abso- 
lutely indispensable for Cl. sporogenes and B. hotulinus (in con- 
junction with the “sporogenes vitamin”) and acts in very small 
dosage (the smallest of all the amino acids). Its necessity is due 
to a loss in capacity for synthesis. Despite these characteristics, it 
is not advisable to consider it as a true growth factor until more 
information is available. 

This problem of interpreting the activity of amino acids is 
encountered whenever these substances are employed in the prepa- 
ration of a strictly synthetic medium. The organisms most fre- 
quently concerned with this problem are the bacteria, the lactic 
bacteria in particular (for the amino acids and the bacteria see 
M. Stephenson, 1939). 
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In summarizing what has been said regarding nicotinic acid 
we may say that it is a true growth factor, and is required by sev- 
eral bacteria. It is not known to be required by any fungus, but it 
is required by the higher green plants (roots, see p. 68) . It can 
be considered as a precursor of cozymase, but this has not yet been 
definitely established. 
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GROWTH FACTORS OP THE LACTIC BACTERIA: 
RIBOFLAVIN, PYRIDOXINE, ETC. 

Riboflavin. — The introduction of riboflavin (also known as 
lactoflavin, vitamin Bs and vitamin G) and pyridoxine (adermin, 
vitamin Be, rat antipellagra vitamin) into the fleld of plant physi- 
ology occurred as a result of studies with the lactic bacteria. 

Riboflavin is widely distributed in all groups of plants including 
the microorganisms. The lactic bacterium, Bac, DelhriicMi, con- 
tains 115 mg. of this factor per kilogram of dry substance; the 
butyric bacterium, Clostridium butyricum, contains 136 mg. The 
fungus Eremothecium Ashbyii synthesizes large quantities of a 
flavin which crystallizes in the vacuole (Guilliermond, 1936). It 
has been identified by various methods — spectroscopic, chemical, 
histological and biological. Its action is identical with that of 
riboflavin (Guilliermond, Fontaine, Raffy, Mirimanoff) (Fig. 
12) . SCHOPFER has shown that riboflavin, as well as lumiflavin and 



Fig. 12. — Production of riboflavin by Eremothe- 
cium Ashbyii Guill. (from Guilliebmond, 1936). The 
crystals of flavin appear in the vacuoles. 


lumichrome, may accumulate in the vacuole of various plant cells, 
particularly in the cells of the upper epidermis of the bulb scales 
of Allium, These substances exhibit a characteristic fluorescence 
and their accumulation in this transparent tissue can be observed 
by a fluorescent microscope. The riboflavin can be crystallized in 
the vacuole of the epidermal cells. (C. r. Soc. phys. Hist. nat. 
Geneve, 1941, T. 58). This flavin is produced in abundance by 
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As'pergillus niger when there is a deficiency of magnesium (Lavol- 
LAY and LfABORAY). 

The lactic bacteria are difficult to culture in a synthetic medium. 
They require, in addition to the usual mineral salts and glucose, 
cy stein and a series of other amino acids, and also growth factors 
(vitamins). These organisms have become heterotrophic for sev- 
eral of these factors, and their habitat is in part determined by 
their growth factor requirements. 

J . G. p AVIS et aZ. ( 1929 ) were the first to demonstrate that lac- 
tic organisms isolated from red spots of Cheddar cheese require 
accessory factors in addition to carbohydrates and proteins. At 
the time of this report it was impossible to identify growth fac- 
tors because the culture methods and media were not sufficiently 
refined. However, the factor required by this lactic organism was 
shown to be present in concentrates of vitamin Bi. It was then 
established that vitamin Bi itself is inactive, hence the essential 
factor occurred as an impurity in the concentrate. Further inves- 
tigations of Davis, Koser and SAukders, Rahn and collaborators 
(1938), and Eagles and collaborators (1938) definitely established 
the fact that the lactic bacteria require vitamin factors. But it 
was by virtue of the investigations of Orla-Jensen and his collab- 
orators (1936) that the problem entered into its final experimental 
stage. Orla-Jensen made the fundamental observation that the 
true lactic bacteria of milk are unable to develop if the milk has 
previously been treated with activated animal charcoal (the cri- 
terion for growth was the proportionate increase in acidity accom- 
panying growth) . 

The following bacteria require the growth factors contained in 
milk : Streptohactei^um plantarum. Bacterium hifidv/m, Propioni- 
bacterium technicum, Streptococcus mastilidis, S. faecium, S. gly- 
cerinaceus, S. liquefacienSj Thermohacterium lactis, and T. hel- 
veticum. 

Hot only the true lactic bacteria of milk, but also the true 
lactic bacteria in general require the growth factors of milk. On 
the other hand, the lactic bacteria of the coli-aerogenes group 
thrive very well in milk treated with animal charcoal. The bacilli 
of hay {Bacillus subtilis) and of potato (B. mesentericus) grow 
even better in milk which has been treated with animal charcoal. 
Evidently some of these organisms are able to synthesize their own 
vitamin factors while others are unable to do so. This fact was 
demonstrated by the usual method : extracts of the organisms auto- 
trophic for vitamins — Bacterium fluorescens liquefaciens and of 
Bact. pyocyaneum, are able to serve as sources of growfh factors 
for Thermohacterium lactis 10 and Streptohacterium casei 11, 
which are heterotrophic for the growth factors present in milk. 

The substance adsorbed by the activated charcoal can easily be 
liberated by means of pyridine and methyl alcohol. It has precisely 
the same characteristics as the rib o flavin present in milk. The true 
lactic bacteria require various dosages of this vitamin, the rod 
shaped forms requiring 0.5 mg. per liter, the streptococcus forms 
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much less. At least one factor has been identihed (Orla- Jensen 
1936) . It acts, however, in relatively high dosage. 

The product eluted from the activated charcoal by pyridine and 
methyl alcohol contains still another factor which ORLA- Jensen 
regarded as pantothenic acid. He also assumed that pyridoxine 
(vitamin Bq) is an important factor in the eluted product. These 
assumptions await verification. 

The action of riboflavin has been confirmed by Wood, Ander- 
son and Wbrkman who found that the growth of Ltactohacillus 
Tnannitopoeus, L. lycopersici, and Streptococcus paracitrovorus in 
a medium containing casein is . strongly accelerated by the addition 
of riboflavin. L. pentoaceticus, on the other hand, is not affected 
by this vitamin. Snell and Strong studied 11 species of lactic 
bacteria growing under carefully controlled conditions and found 
riboflavin to be required by the following species : B. Delhruchii, 
Leucouostoc Gayoni, Streptohaeterium ccusei, and B. lactis acidi. 
The following species grow very well without riboflavin: LeucO’- 
nostoc arabinosus, L. pentosus, B. hrassicae, B. pentoaceticus, Z/. 
mannitopoeus, L. mesenteroides. Streptococcus lactis. These spe- 
cies were shown actually to synthesize a flavin (determination of 
lumiflavin). EIraxjskopf, Snell and McCoy (1939) confirmed the 
need of riboflavin by the lactic bacteria and by a certain number 
of streptococci. On the other hand,, a great number of organisms 
do not require this factor, e.g., bacteria of the colon-dysentery- 
typhoid group and the aerobic and anaerobic spore forming bac- 
teria. The data of Orla- Jensen and those of Strong and Snell 
are not in complete accord. This is due in part to the fact that the 
media employed by these workers are different. Snell and Strong 
made the remarkable observation that lactic bacteria which ordinar- 
ily require riboflavin are able to dispense with it in the presence 
of certain amino acids. This apparent replacement of this factor 
can be explained by assuming that certain amino acids aid in the 
synthesis of essential vitamins and thus render the organism auto- 
trophic for these substances. This observation requires further 
confirmation. 

Pyridoxine (adermin, vitamin Be). — The physiology of the 
lactic organisms is much more complicated than it would 
appear from the foregoing discussion. Bacterium acetylcholini 
{Streptococcus of Orla- Jensen) requires two unidentified factors 
in addition to riboflavin when it is cultured on a medium contain- 
ing mineral salts (among others, Mn, NH 4 or Na-acetate) , glucose, 
and at least 10 amino acids. One of these factors is thermolabile, 
soluble in ether, sensitive to acids and alkalis, and contains nitro- 
gen (Snell, Strong, and Peterson, 1937) , while the other is 
thermostabile and resistant to acids and alkalis. The latter is 
present in peptones, yeast, and urine. This thermostabile factor 
was identified by M5ller (1938) as pyridoxine. He found that 
the pure crystalline vitamin Be is fully as active as a concentrate 
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of the thermostabile factor. The following* dosages are required: 
Bacterium acetylcholini strain No. 10, lO-^ ; B, acetylcholini strain 
No. 3, 10“® ; Streptohacterium plantarum, 10“® ; Bacterium utile 
(Henneberg) , 10-® g‘-/cc. MolIiER also found that certain yeasts 
require pyridoxine, a fact which has since been confirmed. 

The thermolabile nitrogenous factor was found by Snell to be 
replaceable by a highly purified preparation of pantothenic acid 
(calcium pantothenate preparation of R. J. Williams). Moller 
points out, however, that the casein used by Snell as a source of 
amino acids contained an appreciable quantity of other growth 
factors for the lactic bacteria. By utilizing a synthetic medium 
based on amino acids, Moller (1939) showed that Streptohaeter^ 
ium plautarum requires three fractions which he called F, G and H, 
The purification and concentration of these fractions may lead 
to the identification of other chemically pure factors. 

The F fraction corresponds closely to the thermolabile nitro- 
genous factor of Snell. Snell, Strong and Peterson (1938) 
were able to replace this fraction by pantothenic acid. A prepara- 
tion containing 80 per cent pantothenic acid is active at a concen- 
tration of 3 X 10-s g./cc. on Streptohacterium casei and also on 
lactic and propionic bacteria. This vitamin is also required as a 
growth factor for yeast (R. J. Williams et al., 1940) and for 
numerous bacteria. In addition to the lactic and propionic bacteria, 
its action on pathogenic streptococci has been pointed out by 
Hutchings and Woolley, and by Subbarow and Rane and on 
Corynehacterium diphtheriae by MtJELLER. The latter organism 
requires only the beta-alanine constituent of pantothenic acid. It 
is able to synthesize the other component and condense the com- 
ponents into a molecule of pantothenic acid. Pantothenic acid is 
known to contain (see p. 129) in addition to beta-alanine, a lactone 
of butyric acid (dihydroxy-dimethylbutyro-lactone) . Recent in- 
vestigations sugg’est the presence of an impurity in the calcium 
pantothenate prepared from natural products. Williams et al. 
(1940), in determining the constitution of pantothenic acid have 
synthesized this vitamin and have also produced various lactones. 
The synthetic product (lactone condensed with beta-alanine) is 
definitely active on Streptococcus lactis - 125, hence the pure panto- 
thenic acid is responsible for the activity. 

The G fraction occurs in various natural products, e.g,, casein, 
peptone, globin, zein, vitellin of egg yolk, liver and yeast. It is 
not absolutely indispensable to Streptohacterium plantarum but it 
does have a clearly beneficial effect on growth. Its nature has not 
yet been definitely established. 

The H fraction is highly active and has furnished results of 
unusual interest. Moller (1939-1940) has described fraction H as 
a group of substances contained in a preparation of natural panto- 
thenic acid subjected to rigorous purification. This group has 
been found to consist of five factors, nicotinic acid, pyridoxine, 
biotin, and two unidentified factors H' and J. 
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Biotin. — A highly purified concentrate of this factor acts 
in a dosage as low as 26 Saccharomyces Units per cc. (1 US = 
1 / 25 , 0007 ). This vitamin is responsible for about half of the 
activity of fraction H. A saponified concentrate of biotin is more 
active than an unsaponified concentrate. The saponified methyl 
ester of biotin is much more active than the unsaponified ester. 
According to Moller^ the form of biotin found in the lactic bac- 
terium Staphylococcus pyogenes aureus is not the saponified methyl 
ester (Fig. 13). 



Fig. 13. — Growth of Strevtobaeterium ‘plantaru'm. (strain lOS) in 
a medium containing: biotin and fraction H. but lacking fractions G 
and H' (from Moller, 1939). — 1. biotin-methylester ; la, the same 
saponified; 2, concentrate of biotin; 2o, the same saponified; 3, frac- 
tion H. — Above - increase in the acidity of the medium. — Below - 
growth of the culture, E/1,000 measured by Lange’s photoelectric 
colorimeter. 

Streptobacterium plantarum, unlike Staphylococcus aureus j does 
not exhibit the ‘Replacement” phenomenon, -i.e., the presence of 
biotin neither increases nor decreases the need for other factors. 

The optimal biotin dosage established for Streptobacterium 
plantarum is approximately the same as that found by Nilsson 
et al. for Bacterium radicicola. However, Moller suggests that 
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the biotin concentrates employed probably contained another fac- 
tor, viz., the unknown and unidentified H'. 

Nicotinic acid and adenine. — The first demonstration of the 
need for nicotinic acid by the lactic organisms was made by 
Snell, Strong and Peterson (1938) with StreptohacteriuTn easel 
and Leuconostoc arahimosus. Shortly thereafter Moller found this 
vitamin had a definite action on certain strains although it was not 
consistently active and for some strains was completely inactive. 

The same vitamin action is exhibited by adenine. This is of 
particular interest because of the relationship between this sub- 
stance and nicotinic acid. The data of Snell et al. show that these 
two factors when used in combination, under the conditions defined, 
have an optimal dosage of about 0.5 X 10“® grams per cc. When 
used separately they have a much lower activity. Both of these 
substances are constituents of cozymase (see formula p. 53) which 
is known to be required by the bacillus of Pfeiffer (Lwoef). In 
the case of Streptohacteriwm plantaruTn the preparations of cozy- 
mase exert an effect almost equal to the combination nicotinic acid 
+ adenine. Apparently the need for these two substances is due 
to the inability of the organism to synthesize the components of 
cozymase. Adenine can be replaced only by guanine. No activity 
is present in xanthine, hypoxanthine and various pyrimidines. 
Nicotinic acid, on the other hand, is easily replaceable. The action 
obtained with an optimal dosage of this factor (10-'^ grams per 
cc.) can be duplicated by t-inositol in a dosage 1000 times stronger. 
It is again a matter of replacement of which we know nothing as 
already mentioned concerning other bacteria. 

Thiamin. — This vitamin is also a necessary factor for cer- 
tain species of lactic bacteria. StreptohacteriuTn plautarum was 
found to require thiamin by Wood, Anderson and Werkman. 
This was confirmed by Moller, who showed that this vitamin has 
an optimal action at a dosage of about 10-® grams per cc. 

In addition to thiamin and other factors mentioned above, ascor- 
bic acid exerts a stimulating effect on certain species, but the re- 
quired dosage is so great that its action is probably not that of a 
true growth factor (see p. 39). It is entirely possible that this 
action is exercised on the medium, external to the organism. 

Other factors contained in definite fractions have not yet been 
identified. Moller (1940) tested the action of numerous known 
substances to determine whether they could replace factors H' and 
J, but obtained negative results. These factors do not correspond 
to the unidentified ones of Snell and Peterson, since their charac- 
teristics are different. 

Different investigators work with different media thereby mak- 
ing it difficult to compare their results. Also the criteria used to 
measure growth give rise to controversies. It is uncertain that a 
parallelism exists between acid formation (phenomenon of fer- 
mentation) and growth. It is known in the case of yeast that 
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factor Z accelerates fermentation without acting specifically on 
growth. Since acid production by lactic bacteria represents the 
same phenomenon as fermentation in yeasts it is very probable 
that acid production and growth proceed independently. 

In general it may be said that organisms are very individual- 
istic in their growth factor requirements. Various strains of the 
same species react differently. The species whose growth factor 
requirements are fairly well known are: StreptobcLcteriu'm plan- 
taruTYi P24 (original strain of Orla-Jensen) , Bacterium acetyl- 
cholini (ICeil) = Streptohacterium plantarum lOS of Orla-Jbnsen 
(various strains), Bacterium cucumeris fermentati Bi, Bacterium 
utile Ba, Bacillus lactis acidi, Betacoccus arabinosus (Orla- 
Jensen) , Streptococcus lactis M13, and certain other related 
‘ strains. 

Amino acids. — The problem of supplying the essential 
amino acids becomes rather delicate when one is attempting to 
culture yeast, staphylococci and certain other bacteria on a strictly 
synthetic medium. A complete list of amino acids required by 
the lactic bacteria has been compiled by Moller (1940). Orea- 
Jensen pointed out the following as indispensable for Streptobac- 
terium plantarum (strain lOS) : glutamic acid, leucine, valine, 
aspartic acid, isoleucine, and methionine, in dosages of 2 to 4 X 
10-5 g-rams per cc. ; the following are utilized with variable effects : 
cysteine, tryptophane, phenylalanine, and alanine in dosages of 
1 to 5 X 10-^ grams per cc. 

Specificity of action of growth factors on the lactic organ- 
isms. — Despite extensive investigations on this subject the speci- 
ficity of some of the essential growth factors of these organisms is 
poorly understood. This is true particularly of nicotinic acid. Al- 
though this vitamin can be replaced by ^-inositol in high dosage 
the mechanism of this replacement remains unexplained. 

The specificity of synthetic pantothenic acid on Streptococcus 
lactis has been studied by R. J. Williams et aL (1940). Various 
lactones were synthesized and condensed with /5-alanine. The lac- 
tone of pantothenic acid is a-hydroxy-/^, /5-dimethyl-y-butyrolactoiie. 
Three other lactones were found to have a weak but definite activ- 
ity on this bacterium, viz., a:-hydroxy-y-7^-valerolactone, a-hydroxy- 
p - methyl - y - butyrolactone, o:-hydroxy-a-methyl-y-butyrolactone. 
Woolley working with Streptococcus zymogenes found that panto- 
thenic acid can be replaced by ol, delta-dioxyvaleric acid ; with cer- 
tain strains, a, epsilon dioxycapronic acid is active. Subbarow and 
Rane (1939) showed that N-(a, delta-dihydroxyvaleryl) -/5-alanine 
is active in the growth of the Dochez NY5 strain of hemol^/tic strep- 
tococcus. None of the above compounds, however, possessed more 
than a fraction of 1% of the activity of pure pantothenic acid. 
“Hydroxypantothenic acid’’ (N- (<a:-hydroxy-/5,-/5'-dimethylolbuty- 
ryl) -/3-alanine), on the other hand, was shown (Mitchell, Snell, 
and Williams, 1940) to possess striking biological activity. Its 
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SnelLi and Peterson point out that with a particular test a 
certain activity is present in 6,7,dimethyl-araboflavin or 

Z-form), 6-ethyl-7-niethyl-Z-arabofiavin, and also 5,6-benzo-ribo- 
flavin. 


CHaOH 

I 

HOHaC Cs 3C OH 


Hq» CH3 

N' 




PYRIDOXIN E, 

IN THE HYDROCHl-ORIDE FORMj 
CaHiaOaNCL 


In general the specificity of action of riboflavin on microorgan- 
isms is comparable with that on animals, although it is slightly 
more pronounced. Increasing the dosage does not bring about a 
loss of specificity. 

The specificity of action of pyridoxine has been studied by 

Moller (1940). 


Table XIV. — Specificity of action of pyridoxine on the lactic bacteria 
(from Moller, 1940). 



Strei>tohacterium. 
Vlantaru'm ( 1 OS ) 

Rat 


Action 

Cone. 

10-® g/cc. 

Action 

Cone. 

day/rat 

pyridoxine (hydrochloride) 

2-inethyl-3 hydroxy-4, 5- 
dihydroxymethylpyridine hydrochloride 

-f- H- -1- 

0.6-1 

4-4-4- 

7.5-10 

Pyridoxine (base) 

2-methyl-3-m ethoxy-4 , 6 -dih yd r oxy- 
toethylpyridine 

+ + + 

0.8 

4-4-4- 

6-8 

methyl-ether of pyridoxine I 
2-methyl-3-methoxy-4 ,5-di- 
hydroxymethylpyridine 

-f- + -h 

610 

4-4-4- 

6000 

methyl-ether of pyridoxine II 
2-methyl-3-hydroxy-4-methoxymethyl-6- 
hydroxy-methylpyridine hydrochloride 

-h + C-h) 

64-128 



Acetate of pyridoxine 
2-methyl-3-hydroxy-4,5-diacet- 
oxymethylpyridine hydrochloride 

4- -h 

16-128 

4-4-4- 

10-13 

Isopyridoxine 

2-hydroxymethyl-3-hydroxy-4-methyl-5- 
hydroxymethylpyridine hydrochloride 

4- 4- <+) 

128-256 

0 

200 

4 -desoxy-py r idoxin e 

2-methyl-3-hydroxy-4-methyl-5- 

hydroxymethylpyridine 

4- 4- 

16-128 

0 

200 

4 , 6-bi-dehydroxy-pyridoxi ne 

2-methyl- 3-hy dr oxy-4 , 5- 
dimethylpyridine 

0 

256 

0 

200 


The specificity of action of pyridoxine on StreptohacteriuTn 
approaches that on the animal, but it is less pronounced. 
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Except for riboflavin, the g-rowth factor requirements of the 
lactic bacteria closely resemble those of yeast. In both cases these 
needs are multiple. Despite extensive research the list of essential 
factors is not complete and there may still be some surprises in 
store. 

The propionic bacteria. — The propionic bacteria, since they 
are closely related to the lactic organisms, will furnish additional 
data of the same general nature although the growth factor re- 
quirements of these two groups of bacteria are slightly different. 

These microorganisms are extremely difficult to culture and as 
a consequence it is not easy to determine whether a vitamin is 
absolutely essential as a growth factor. 

Fbomageot and Tatum (1933), and Tatum, Peterson and 
Fred have pointed out the fact that certain crude extracts from 
plants, particularly those from potato and wheat, contain substances 
which favor the growth of certain propionic bacteria. Wood, 
Tatum and Peterson (1936) obtained from yeast an acid frac- 
tion, soluble in ether, which contains factors essential to certain 
of these organisms. 

Potato extract is beneficial to certain strains of the following 
species : Propionibacterium pentosaceum, P. Freudenreichii, P. 
Thonii, P, Jensenii, P. Zeae, P. arahinosum. These organisms also 
require a second factor (Tatum, Wood, and Peterson, 1936) which 
is found in the hydrolytic products of protein but is not an amino 
acid or a fraction of the protein molecule. The same factor can 
be obtained from caseinogen, egg white, yeast extract, powdered 
milk, and other substances. It can be extracted most readily 
with acetone. The extracts are listed below in order of decreasing 
activity : acetone extract of powdered milk, alcoholic extract of 
powdered milk, alcoholic extract of caseinogen. The active sub- 
stance contained in these materials cannot be replaced by any of 
the following: inositol, heteroauxin, ascorbic acid, nor nicotin- 
amide. Pantothenic acid is only slightly active. Under the condi- 
tions of culture employed by Tatum, Wood, and PETERSON, crys- 
talline thiamin is able to replace the acetone extract of caseinogen, 
in fact, it is even more active than the latter. The optimal dosage 
of thiamin varies with the strain of bacterium from 0,15 to 0.005-y 
per cc. This vitamin can therefore be included among the factors 
required by certain species of PropionibacteTiun/h. Propionihacter’- 
iuTn pentosaceum has been investigated extensively in connection 
with thiamin and cocarboxylase (see p. 189). Strangely enough 
this organism can adapt itself to live without thiamin, i.e., it re- 
gains its ability to synthesize this factor (Silverman and Werk- 
man, 1939). Thiamin represents only one member of a group of 
factors which undoubtedly is very complex. The ether extract of 
yeast, which must be present in the basal medium, has not yet 
been analyzed from the viewpoint of growth factors. The work of 
Krauskopf, Snell and McCoy (1939) indicates that pantothenic 
acid (impure sample) is necessary for the propionic bacteria. 
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The butyl alcohol bacteria. — Certain bacteria producing 
butyl alcohol {Clostridium butylicum, C. acetohutylicum) are like- 
wise dependent upon one or several growth factors. McDakiel, 
Woolley and Peteeson (1939) have found that they require a 
factor contained in liver, yeast, malt, maize, and the commercial 
preparations of vitamin concentrates. It can be extracted by means 
of ether and can be adsorbed on animal charcoal. Elution by alco- 
hol and pyridine is incomplete. This factor can be combined into 
a copper salt which has a dehnite stimulating action in a dosage of 
0.01 to l.Oy per oc. It cannot be replaced by any of the following 
substances: riboflavin, heteroauxin, nicotinamide, thiamin, pyri- 
doxine, pimelic acid, beta-alanine, pantothenic acid, or a combina- 
tion of amino acids from a natural source. Apparently the growth 
factor required by CL acetohutylicum is biotin. 
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Chapter XV. 


THE NITROGEN FIXING BACTERIA (RHIZOBIUM 
AND AZOTOBACTER) AND THE GROWTH FACTORS 
REQUIRED BY THEM. COENZYME R (BIOTIN). 

The nitrogen fixing bacteria play a highly important role in 
the cycle of living matter. For this reason their culture and their 
capacity for synthesis should be given special consideration. 

Rhizobium. — These bacteria live symbiotically in the roots 
of legumes, furnishing them vrith atmospheric nitrogen which 
they are able to fix. Numerous experiments have been carried out 
with cultures on synthetic or natural media for the purpose of 
determining whether these bacteria are able to fix nitrogen when 
separated from the plant. Although the early results concerning 
the ability of these organisms to grow in artificial culture were 
conflicting, it was soon recognized that they could be cultured on 
a medium of more or less definite composition. 

Allison (1927) was the first to report that Bacterium radici- 
cola (Rhizobium trifolii) isolated from Trifolium pratense could 
be cultivated on a synthetic medium containing saccharose, 
ammonium sulphate or potassium nitrate, with a small quantity 
of extract from straw. The same observation was made simul- 
taneously by Thornton. Even at an earlier date Beijerinck 
employed aqueous extracts from legumes, enriched with aspara- 
gine and saccharose for the isolation and culture of these bacteria. 
Allison successfully employed more than 26 different extracts 
from members of the Leguminosae and other families (e.g., lettuce, 
cabbage, beet, spinach, tomato and potato) as sources of unknown 
accessory factors. According to Bjalfve and Nilsson (1938) 
the extract from straw is excellent for this purpose. 

Allison, Hover and Burk (1933) carried out extensive investi- 
gations concerning the unknown substances required for the culture 
of the root nodule organisms. They established the fact that these 
substances are widely distributed in animal and plant cells, and 
also in bacteria. The substances are found in commercial prepa- 
rations of saccharose and in the cells of Azotobacter (see p. 167 
for the vitamin content of Azotobacter). 

Since there was no parallelism between the action of extracts 
on Rhizobium and on Saccharomyces the premature conclusion was 
drawn that the factor required by Rhizobium was different from 
bios (bios, as known at that time) . This unknown factor, since 
it was supposed to take part in the respiratory processes, was called 
"‘coenzyme R”, a name which still persists. 
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The basal medium required for the culture of Rhizobium is 
relatively simple, consisting of mineral salts and a carbon source 
(mannitol). To this medium are added accessory substances, e.g., 
yeast extract. 

Thorne, Neal and Walker (1936) determined the respiratory 
quotient (volume of CO 2 produced / volume of O 2 consumed) for 
various species of Rhizobium (R, meliloti, R. trifolii, R. legumino- 
sarum, R. japonicum) . The quotient varies with the composition 
of the medium as follows : 

Basal medium respiratory quotient 

mannitol + yeast extract 0.5— 0.6 

glucose H- yeast extract 0.7 

mannitol -H KNO3 1-0 

These figures must be accepted with reservation, since it has been 
noted by Pietz (1938) that, in the presence of KNO3, gaseous 
nitrogen may be produced and, during the decomposition of sugar, 
hydrogen may be formed. These gaseous products interfere with 
the manometric measurement of carbon dioxide and oxygen lead- 
ing to values for the former which are too high and values for 
the latter which are too low. However, since the figures obtained 
by Thorne et aL are relatively constant, they can be considered as 
characteristic of the metabolism of the bacteria under the condi- 
tions described. 

Cultures of Rhizobium are very sensitive to the redox poten- 
tial (Allyn and Baldwin). When the medium has been too 
strongly oxidized with H 2 O 2 or with potassium permanganate, no 
growth can take place. The unfavorable action of these oxidizing 
agents can be counteracted by adding cysteine or thioglycolic acid 
both of which are capable of dehydrogenation in their disulphite 


form. 

The bacteria containing cells of the root nodules have an rH 
of 9-11 at pH 7, and an rH of 4-6 at pH 6 in an atmosphere of 
nitrogen. Hence this tissue possesses a strong capacity for reduc- 
tion. Cultures of these bacteria likewise produce very low redox 
potentials. In the presence of air the rH reaches 22-24. 

In the nodules there occur “red bodies’^ which are derivatives 
of dihydroxyphenylalanine. 

Cultures of Rhizobium will grow only under aerobic conditions 
or in the presence of oxidized substances, e,g., yeast extract or 
nitrates. The action of free oxygen can also be replaced by weakly 
oxidized dihydroxyphenylalanine (corresponding to the “red 
bodies'’ ). Thus the “red bodies" play an essential role. They are 
related to dihydroxyphenylalanine and to the melanins in the fol- 


lowing manner: 


tyrosine - dihydroxyphenylalanine - red bodies - melanin 
(reduced) ^ ^ (oxidized) 

In a culture growing under aerobic conditions the dihydroxy- 
phenylalanine is rapidly oxidized into “red bodies", then into mela- 
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nin. The same culture is capable of reducing the ‘'red bodies”. 
Thus the reaction is reversible, and by alternating the cultural 
conditions between the aerobic and anaerobic type, the reaction, 
“red bodies” ^ leucobase, can be controlled at will, providing the 
conditions are such that the oxidation does not exceed the “red 
body” stage. According to Friedheim, the redox system, “red 
body” ^ leucobase, has an rH of about 15. When the rH is below 
15 the “red bodies” occur in their reduced form. In the presence 
of air the nodules and also the cultures of Rhizobium have always 
an rH of 24. Even at this redox potential, the “red bodies” are 
not oxidized to melanin. Apparently these microorganisms must 
live within the limits of rH 15 and 24 (PlETZ, 1938). It is thus 
obvious that the “red bodies” play an important role in the life 
of these bacteria by enabling them to grow under anaerobic 
conditions. 

These observations are the first to furnish a possible clue con- 
cerning the physiology of “coenzyme H”. Thorne, Neal and 
Walker (1936) find from their work that the growth of the root 
nodule bacteria is favored by strong reducing agents. For exam- 
ple, yeast extract seems to act as an effective donator of hydrogen. 
The question might be asked whether the unknown factor, con- 
tained in the natural extracts, does not act simply by adjusting 
the rH to the proper level for the culture. Before attempting to 
answer this question we must first consider the chemical nature 
of the growth factors required by Rhizohium. 

Nilsson, Bjalfve, and Burstrom (1938 a, 5, c) made exten- 
sive investigations concerning all aspects of the nutrition of the 
root nodule bacteria. They found that R. trifolii was unable to 
develop on a strictly synthetic medium. No improvement in growth 
was obtained upon the addition of reducing substances such as 
cysteine, glutathione, and glyceric aldehyde to a natural medium. 
On this point the ideas of these authors do not agree with those 
of Allison. However, they were able to confirm the early observa- 
tions of Allison concerning the action of the extracts of various 
natural products (yeast, potato, and straw). It was shown that 
the action of the natural extracts is not due to the nitrogen which 
they furnish. Although the extract acts as a very favorable nitro- 
gen source, the action is due to other accompanying substances. 

Nilsson et al. state that yeast loses much of its activity upon 
treatment with ether. The ether extract by itself has only a weak 
action, but in combination with the w^ater soluble residue, its action 
is maximal and comparable wnth that of the untreated yeast 
extract. 

Vitamin Bi appears to be able to replace partially the yeast 
extract. Already in 1927 Werkman had studied the action of 
concentrates of thiamin and arrived at the conclusion that it was 
not a question of a vitamin action, but of an effect produced by 
accompanying substances which w^ere easily assimilable. This 
hypothesis could then be supported by the fact that the vitamin 
employed was not pure. The investigations of Clark and those 
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of Allison et al. do not permit the conclusion that a vitamin is 
necessary. Nevertheless, it is now known that vitamin Bi when 
used alone does exert a rather weak action and when it is used in 
conjunction with hydrolyzed casein or with an ether extract of 
yeast this vitamin is very active. According-ly, the conclusion can 
be drawn that thiamin is capable of replacing the factor which 
is soluble in water but insoluble in ether. The ether extract can 
be replaced by an amyl alcohol extract but the latter exerts an 
action even when used alone. The effect of vitamin Bi and the 
ether extract from yeast used singly and in combination is readily 
demonstrated by the following data: 

Niimber of cells 
per cc. at the end 
of 11 days. 


Basal medium containing KIN Os (control) 7 millions 

Basal medium + O.OSy vitamin Bi per cc 35 millions 

Basal medium -f- 0.01 cc. of ether extract per cc 45 millions 


Basal medium -+- O.OSy vitamin Bj -i- 0.01 cc. of ether extract 600 millions 

Thus the combination, vitamin B^ + ether extract, acts in 
much the same manner as the combination, crude aqueous extract 
(following extraction with ether) ■+* ether extract. This is true 
irrespective of the presence or absence of nitrogen in the medium. 
It should be pointed out, however, that even the combination vita- 
min Bi + ether extract is less effective than the complete extract 
from yeast or from straw. The figures in the latter case amount 
to 1000 — 2000 millions of bacteria per cc. of medium. 

Riboflavin, inositol, beta-alanine, nicotinic acid and pimelic acid 
(the fast three used in combination) have no noteworthy effect. 

An unusual observation can be made if the number of bacteria 
produced is compared with the turbidity coefficient (absorption of 
light) of a culture containing only amyl alcohol extract and one 
containing amyl alcohol extract + thiamin. The extract alone has 
a marked effect and the number of bacteria produced is large. 
Additions of this extract beyond the optimal dosage are ineffective, 
except for a slight possible reduction in the number of cells. An 
addition of thiamin does not produce a very great increase in the 
number of bacteria (the dosage of amyl alcohol extract being 
optimal), although it greatly increases the opalescence and the 
turbidity coefficient. This vitamin . is much more effective when 
the dosage of the amyl alcohol extract is small. 

A microscopic examination of the cells reveals that thiamin in 
conjunction with the amyl alcohol extract brings about a marked 
increase in the size of the cells which acquire the form of bacter- 
oids. The strange thing is that when thiamin is used alone (with- 
out any amyl alcohol extract) an increase in the volume of the 
cells occurs but the characteristic branching of the bacteroids is 
lacking. This type of effect produced by vitamin Bi has not been 
found in any other organism. 

These data seem to contradict those of West and Wilson 
(19385), who reported that Rhizobiurn can be cultured in the 
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absence of vitamin Bi and that the bacterium is able to synthesize 
this vitamin. By using- Staphylococcus aureus as a test object, 
West and Wilson (1938a) found the thiamin content of Rhizo- 
bium to be 19.6y per gram of dry matter. The validity of this test 
for thiamin is open to question since Staphylococcus requires bio- 
tin as an additional factor. This fact was not yet known or, at 
any rate, was not taken into consideration by West and Wilson. 
But now it is known that after several passages on a vitamin-free 
medium the Rhizobium culture becomes definitely dependent on an 
exogenous source of thiamin. 

The ether extract and the amyl alcohol extract still remain 
to be considered. Because of the fact that the latter is active when 
used alone it can be assumed that it contains a little thiamin but, 
from all indications, an additional factor is also required by this 
bacterium. This factor appears to be extremely active, much more 
active than thiamin. It is soluble in ether, thermostabile and rela- 
tively stabile in alkalis. Experiments designed to concentrate and 
isolate the active substance (Nilsson, Bjalfve and Burstrom, 
1939) led to a crystalline product. The crystals, however, were 
less active than the mother liquor thereby suggesting the activity 
of an impurity on the crystals. By chemical analysis the crystals 
were identified as succinic acid. A sample of purified commercial 
succinic acid, however, was found to be inactive, hence it was cer- 
tain that the action was due to an impurity of unusual activity 
and present in weak dosage. A concentrated preparation of the 
ether soluble factor (5y) used in conjunction with thiamin 
(0.09y per cc.) was found to produce 1400 millions of bacteria 
per cc. of medium. 

Because of the unusual activity and stability of the unknown 
factor the action of biotin was suspected. Attempts to replace the 
ether soluble fraction with pure biotin were successful for three 
strains of R, trifolii. The action of biotin, although it is very 
strong, may fail to be observed because of the fact that a period 
of induction is required for initiating growth of the culture (Nils- 
son, BjIalfve and Burstrom, 1939). 

Biotin alone is only slightly active, but when used in conjunc- 
tion with thiamin it is extremely active. These facts are obvious 
from the following data; 


Number of bac- 
teria at the end 
of 21 days 
millions/cc. 


Control (vitamin-free basal medium) 5 

Basal medium 0.07y thiamin per cc 60 

Basal medium -j- 0.0005y biotin per cc 7 

Basal medium -j- 0.0005y biotin -l-0.07y thiamin per cc 1500 


The growth promoting action of biotin on Rhizobium can be 
observed when this vitamin is used in a concentration as low as 
1:100,000,000,000. The maximal effect is reached with a dosage 
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of 1 :2, 000,000,000. These figures are similar to those obtained 
with other organisms. 

The combination, biotin + thiamin, is just as effective as the 
crude yeast extract. However, it has not yet been proven that the 
ether soluble factor and biotin are identical. It is very probable 
that these two substances are the same since their general charac- 
teristics are alike. It can be assumed that biotin is slightly soluble 
in ether or amyl alcohol. 

West and Wilson (1939) arrived at the same conclusion as 
Nilsson et al. did regarding the action of biotin although they 
attacked the problem from a different point of view. Their w'ork 
represents a renewal of investigations to determine whether the 
growth factor requirements of Rhizohiuyn are different from those 
of Saccharomyces, It will be recalled that early observations on 
the growth factor requirements of Rhizobium led to the hasty con- 
clusion that the factor required by this bacterium is different from 
that (bios) required by Saccharomyces. 

West and Wilson attempted to determine the exact nature of 
coenzyme R, They tested the action of concentrates of biotin 
(prepared according to the method of Kogl and Tonnis) on the 
growth of Rhizobium trifoUi and observed a highly beneficial effect. 
The biological activity of the concentrate was determined at each 
stage of its preparation and was found to increase parallel with the 
increase in biotin content. This factor replaced completely co- 
enzyme R. None of the following were able to replace this coen- 
zyme ; thiamin, cocarboxylase, riboflavin, nicotinic acid, nicotin- 
amide, adenine, cozymase, pyridoxine (vitamin Be) , beta-alanine, 
uracil, inositol, vitamin C, ergosterol, heteroauxin, pantothenic 
acid (concentrate), and the sporogenes vitamin. 

Contrary to previous assumptions, it was observed that a close 
parallelism exists between the action of concentrates of coenzyme 
R (or simply of extracts of yeast) on Rhizobium and its action on 
Saccharomyces. That the two organisms have one character in 
common is demonstrated by experiments concerned with inactiva- 
tion, extraction, oxidation and adsorption of the active principle. 
The only difference in their nutrition is that Saccharomyces re- 
quires pantothenic acid and beta-alanine whereas Rhizobium does 
not. It was finally shown by West and Wilson, working with 
N ematospora Gossypii (requiring biotin as a g'rowth factor) that 
the preparations of coenzyme R contained biotin. 

When it was learned by Nilsson and his collaborators that 
pure biotin can act as a growth factor the investigations which 
have just been analyzed assumed their full significance. 

In summarizing the available information on the culture of 
Rhizobium trifolii, two categories of factors must be considered: 
(T) Physico-chemical factors, particularly the redox potential. — 
An unfavorable rH prevents the growth of the culture. (2) 
Growth factors of vitamin nature. — This organism requires at 
least two growth factors. Biotin is essential for growth. Vitamin 
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Bi is beneficial, but is less active than biotin; its effect on this bac- 
terium is somewhat different from that which it exercises on other 
microorg*anisms. Biotin replaces completely the ether soluble frac- 
tion of NiLrSSON and collaborators. It is identical with coenzyme 
There may exist still another thermostabile factor for which West 
and Wilson propose to reserve the term coenzyme R {sensu 
stricto) . This hypothesis, however, is not supported by the obser- 
vations of Nilsson and collaborators, viz,, the combination biotin 
+ thiamin is fully as active as crude yeast extract. 

From all indications it seems likely that the action of the redox 
potential is distinct from that of g-rowth factors. 

Some investigators were inclined to attribute the activity of the 
growth substances of Rhizobium to the specific action of certain 
minerals. THORNE and Walker have shown that iron in a con- 
centration of 1.0 per cent strongly accelerates the growth of the 
culture in the complete absence of organic growth factors. The 
importance of mineral elements for the culture of Rhizobium and 
Azotobacter has been pointed out by Steinberg (1938). Despite 
their importance they do not remove the necessity of growth fac- 
tors of vitamin nature. 

The possible role of growth factors in the fixation of nitrogen 
is still unknown. 

Azotobacter. — Azotobacter chroococcum has been employed 
as a suitable source of the growth factor ‘^coenzyme R^’ for 
Rhizobium trifolii. Apparently Azotobacter is able to synthesize 
this factor and is therefore self-sufficient in this respect. 

The physico-chemical conditions required by this organism are 
very precise. Rippel and B, Lehmann (1936) showed that the 
addition of very small quantities of agar to the culture medium 
exerted a very favorable effect on growth and on the fixation of 
nitrogen. This effect is not due to an organic growth factor, as 
might be suspected, but to the action of the agar on the viscosity 
and the surface tension of the culture medium. 

Mineral elements play an important part in the nutrition of this 
bacterium. Iron when used in conjunction with agar acts very 
favorably (Rippel, 1936). Molybdenum and vanadium are essen- 
tial to the growth of Azotobacter and to the fixation of atmos- 
pheric nitrogen by this bacterium (Bortels, 1937). 

It has not been demonstrated with certainty that this organism 
requires organic growth factors. Werner, however, states that 
organic growth factors are utilized since extracts from yeast and 
certain algae {Hantzschia, Prasiola, Chlorococcum) accelerate 
growth. These investigations require confirmation. They fail to 
eliminate the possible action of mineral elements contained in the 
extracts. 

It must be recalled that the problem of growth factors of Azo- 
tohacter was raised by Mockeridge as early as 1917 when he 
showed that the extracts of bacterial infusions favor considerably 
the fixation of atmospheric nitrogen by Azotobacter chroococcum 
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and Bacillus radicicola {Rhizobhim) . The action of a true organic 
growth factor was by no means demonstrated and these investiga- 
tions must be repeated from the modern viewpoint. 

Little is known concerning the ability of Azotohactey' to syn- 
thesize growth factors. Bonner and Greene, employing the Phy- 
corny ces test, found the thiamin content of cells of this bacterium to 
be very high, viz,, 140 mg. per kg. of air dry material. The 
capacity for synthesis cannot be discussed until more information 
is available. 
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THE GROWTH FACTOR REQUIREMENTS OF THE 
HEMOPHILIC ORGANISMS. FACTORS X AND V. 

General introduction. — Practically all the org'anisms con- 
sidered in previous chapters are very similar with respect to their 
growth factor requirements, the two factors most frequently en- 
countered being thiamin and biotin. The hemophilic bacteria lead 
us into another domain and new factors appear among their vita- 
min requirements. 

We shall begin our discussion of this group of organisms with 
the influenza bacillus {Bacillus influenzae). Pfeiffer showed in 
1892 that B. influenzae grows luxuriantly on natural media based 
on blood. Hence it was assumed that the latter contains sub- 
stances which are highly beneficial, perhaps indispensable to the 
life of this microorganism. The blood serum deprived of cor- 
puscles does not support satisfactory growth whereas the washed 
red corpuscles are perfectly suitable for the culture of the bacillus. 
This observation led Pfeiffer to attribute a determining role to 
hemoglobin. He stated, without being able to demonstrate it ex- 
perimentally, that the iron of hemoglobin was the essential growth 
promoting principle. The problem took on an entirely different 
complexion when it was learned that the necessary growth pro- 
moting substances were also present in plant and other animal tis- 
sues. Grassberger was able to show that other bacteria were 
capable of furnishing the Pfeiffer bacillus the substances which it 
required. If the culture is contaminated with Staphylococcus, 
growth is strongly stimulated. The “satellite phenomenon” de- 
scribed later by Davis (corresponding to the “giant colonies” of 
Grassberger and to the “nurse colonies” of Neisser) is a new 
expression of this stimulation. The presence of microorganisms 
of the most diverse types exerts a stimulating action, e.g., Staphy- 
lococcus aureus and S. albus, various strains of Pneumonococcus, 
the meningococcus, the diphtheria and pseudo-diphtheria bacilli, the 
colon bacillus, the typhoid and paratyphoid bacilli, the gonococcus, 
Friedlander's bacillus, Sarcina lutea and others. These organisms, 
in accelerating the growth of the Pfeiffer bacillus, exhibit the phe- 
nomenon of unilateral stimulation which, in the case of other organ- 
isms, has been responsible for the isolation of a growth factor, e.g., 
the stimulation of the growth of Polyporus by bacteria (Fries). 

It is not necessary to have the bacteria in the living condition 
in order to stimulate the development of colonies of B. influenzae; 
dead bacteria, incorporated in the medium, produce the same effect. 
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This action, which may be favorable or inhibitory within 
the same group of hemophilic bacilli, has been used to differentiate 
certain species. 

An explanation of certain discrepancies in the results of various 
investigators was published by Davis (1917). He found a favor- 
able action on the hemophilic organisms resulting from the addi- 
tion of sterile fragments of plants to the culture medium; the 
polishings^ of rice and of wheat are active, especially if they come 
from seeds which have commenced to germinate. Davis, along 
with others, has shown that blood contains two growth factors 
which differ in their properties. One of them, the so-called “X 
factor’’, is thermostabile; the other, the factor”, is much less 
thermostabile (Thjotta and Avery, 1921). The name “V” was 
chosen in order to designate the vitamin characteristics of this 
factor (vitamin in the older sense). The term vitamin should not 
be reserved exclusively for the V factor, since the X factor like- 
wise has characteristics typical for vitamins as we shall see. Each 
factor alone is inactive ; the two factors must be used in combina- 
tion. Their presence prolongs the life of the culture and shortens 
the incubation period. Several investigators immediately con- 
firmed the presence of two factors in blood (Rivers and Pole, 
1921, Fildes, 1923), which have since been conclusively demon- 
strated. 

The general characteristics found during the early investiga- 
tions were as follows: the X factor is relatively thermostabile, 
withstanding a temperature of 120° C., but not longer than 20 
minutes ; it is active at very high dilution. The V factor is thermo- 
labile, not resistant to boiling for longer than 10 minutes, and is 
active only in large dosage. These characteristics were ascertained 
through the use of crude substances and impure extracts then 
available. 

Numerous investigators have studied the distribution of these 
two factors. The V factor is abundant in potatoes, bananas, and 
many plant extracts. This may be demonstrated by a very simple 
experiment - blood, when heated, is rendered ineffective for the 
culture of the Pfeiffer bacillus, the V factor having been destroyed ; 
it again becomes effective if various plant extracts are added to 
it. 

Attempts to separate the two factors have been made, particu- 
larly by Kollath. These were successful only in part since they 
did not succeed in isolating the factors in a highly purified state. 
The investigations concerning the two factors must be discussed 
separately. 

Factor X. — At first the hypothesis was advanced that 
the activity of the X factor, contained only in the corpuscles and 
not in the plasma, must be due to iron. This view was advanced 
by the Pfeiffer school, particularly Kollath. According to them 
the X factor w-as simply an organic compound containing iron, 
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hence the Pfeiffer bacillus was not hemophilic, but instead sidero- 
philic. Kollath (1925) performed the following experiment and 
obtained results which seemed to support the hypothesis of active 
iron. Bacteria were cultivated on a medium containing* the oxide 
of ammoniacal iron and their ash was then tested for its action on 
B. influenzae. The ash was active only when it contained iron ; 
the ash from some of the bacteria was devoid of iron and hence 
was inactive. These results indicated that the assimilation of iron 
and its incorporation in an organic compound controls the produc- 
tion of an active factor by the bacterium. 

It was chiefly the work of Olsen (1921) which directed the 
attention definitely toward hemin, suspected as the active growth 
factor. Compounds of known chemical composition were employed. 
The following substances were found to be active: oxyhemoglobin, 
methemoglobin, carboxyhemoglobin, and hemin, whereas the fol- 
lowing were inactive : hematoporphyrin, hemocyanin, bilirubin, 
pyrrole from chlorophyll, peroxidase of Wolff. The fact that 
hematoporphyrin is devoid of any activity seemed to prove 
that iron is the active element since it is absent from this molecule. 
It was thought possible to obtain growth of B. influenzae in the 
presence of certain salts of iron alone, for example, the active iron 
of Baxjdisch. The belief also prevailed that a correlation exists 
between the peroxidase activity of the factor and its activity as a 
growth factor. 

These contradictory results were partially cleared up by the 
work of Lwoff (1934). He studied some of the flagellate parasites 
(trypanosomides) : Strigomonas oncopelti, S. fasciculata, and Lep- 
tomonas ctenocephali. The first is parasitic in the latex of Ascle- 
pias syriaca, from where it passes into an hemipterous insect, 
Oncopeltus ; the second lives as a parasite in the intestine of Culex 
pipiens; and the third is a parasite of the intestine of the dog flea, 
Ctenocephalus canis. 

The growth of these flagellates, like that of the hemophilic bac- 
teria, is dependent on blood added to the culture medium. The 
action of the blood is strictly quantitative ; it can be measured by 
the intensity of respiration. In the presence of blood (and pep- 
tone) the flagellate synthesizes a respiratory enzyme system which 
otherwise can not be built up. The activity of the blood is pro- 
nounced with respect to growth (cell division) and the intensity 
of respiration in these flagellates, e.g., 1 X 10-^2 grams of blood 
permits 6.19 cell divisions. For respiration, 1 gram-atom of iron 
transports 4.83 gram molecules of oxygen per second at 28°C. 

Hemophilus influenzae {Bacillus influenzae) is just as sensi- 
tive to the effect of blood as are the flagellates. This bacterium 
responds to blood in dilution up to 1:4-5 millions (concentration 
of hemin, 1 X lO-^). 

Since hemin is undoubtedly the active factor it was possible 
to study the specificity of its action and to compare its growth 
promoting action with its influence on respiration and peroxidase 
activity. The results obtained with Strigomonas fasciculata (from 
A. Lwoff, 1934, 1938) are presented in the following table. 
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Table xV. — The action of hemin and its derivatives on StirigomoncLS 
fcLseicudato, (from A. Lwoff, 1938). 


reaction of influence on influence on 
peroxidases respiration cell division 


Hemin -h 

Deuterohemin -f. 

Protohemin 4 - 

Hematohemin 4 _ 

Mesohemin -f. 

Pyrrohemin -j- 

Pheophorbide-a-hemin 4 - 

Pheophorbide-b-hemin -j- 

pTotoponrphyrin 0 

Cytochrome C 4 . 

Heuteroporphyrin 0 

Hematoporphyrin 0 

Mesoporphyrin 0 

Aetioporphyrin 0 

Pyrroporphyrin 0 

Pheophorbide a 0 

Rhodin (of chlorophyll b) 0 

Peroxidase of Wolff 4 . 

Active iron of Paudisch 4 - 


4 - 

0 

+ 

0 

0 

0 

0 

0 

+ 

0 

0 

a 

0 

0 

0 

0 

0 

0 


0 

+ 

0 


0 

-4- 

0 

0 

0 


0 

0 


The results obtained with protoporphyrin are particularly 
clear. Since it contains no iron, it has no peroxidase activity but 
it is active as a growth factor. 




PROTOPORPHYRIN HEMATOPORPHYRIN 

The fact that hematoporphyrin is inactive can not be explained 
by the absence of iron, but by its structure. Iron need not neces- 
sarily be present in the active molecule since protoporphyrin does 
not contain it and still functions as a growth factor. There is no 
longer any support for the hypothesis regarding a possible rela- 
tionship between growth promotion and peroxidase activity. The 
introduction of iron into the molecule of protoporphyrin transform- 
ing it into protohemin does not alter its growth promoting activity. 

The group in the second position is what determines the activ- 
ity. Protoporphyrin has a vinyl (CHo = CH) group in that 
position. The substitution of the vinyl group by CH 3 CHOH 
(hematoporphyrin), by H (deuteroporphyrin) or by CH 3 CH 2 
(mesoporphyrin) nullifies the growth promoting activity of the 
substance. 

In the final analysis, the X factor activity of the blood is due 
to hemin. The fact that an organism requires blood does not 
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necessarily indicate, however, that there is a need for hemin ; it 
may be due to a need for cholesterol, present in the serum, or a 
need for ascorbic acid as well as the V factor present in the 
corpuscles. 

The problem of the X factor is thus solved for the present. It 
does not imply that iron is entirely useless ; on the contrary, it 
must be present in the culture medium. The role of hemin is 
to participate in the constitution of respiratory enzymes, cyto- 
chrome and others. Iron is the active element of these enzymatic 
systems. All the early investig^ations indicate that iron is indis- 
pensable. M. LrWOFF (19336, complete literature up till 1933) 
concluded from the works of KolLtATH and others that iron is the 
active element in hemin. He was able, by stabilizing the cultural 
conditions by a protective colloid, to replace blood in the culture of 
Trypanosomides. Moreover, he observed that protoporphyrin (de- 
void of iron) is able to replace blood and hemin in the culture of 
these organisms. He concluded that “it appeared uncertain that 
iron, particularly the active iron of Baxjdisch, was able to replace 
hemin’’. 

The fact that protoporphyrin is active is contrary to expecta- 
tions. If the organism can be satisfied with protoporphyrin (de- 
void of iron) is must be able to make protohemin by means of 
the iron which is present. Even this does not solve the problem 
unless the protohemin enters into the constitution of cytochrome. 
According to ICeilin protohemin exists in the free state in the 
cells of aerobic organisms and takes part in the construction of 
the prosthetic group of various respiratory enzymes (cytochrome, 
oxidase, catalase, and peroxidase) . Hemin is necessary only 
under aerobic conditions. The strains of hemophilic organisms 
which are able to live anaerobically are content with the V factor 
but under aerobic conditions these same strains require hemin. 
This is explained by the role played by hemin in oxidation 
phenomena. However, it is necessary to mention that, according 
to Snyder and Broh-Kahn (1939), hemin can be replaced by 
cystine in aerobic culture of H, influenzae. These investigators 
concluded that the function of hemin is to destroy H 2 O 2 formed 
during the course of aerobic respiration. 

In addition to Hemophilus influenzae, in which the need for 
hemin has been demonstrated by Olsen and studied by A. Lwoff 
(1937), numerous other organisms have been found incapable of 
synthesizing completely their respiratory enzymes. The following 
are dependent on hemin as a growth factor: Hemophilus con- 
junctivitidis (P. FiLDES), H. canis (Rivers, 1922), H. ducreyi (A. 
Lwoff and Pirosky), and in addition the following flagellates 
according to M. Lwoff: Strigomonas muscidarum, S. culicidarum 
var. anophelis, S. fasciculata, Leptomonas ctenocephali, Leishmannia 
tropica, L. donovani, L. agamae, L. ceramodactyli, Schizotrypanum 
cTuzi {cf. A. Lwoff, 1938). For the present this completes the 
list of organisms known to require the X factor. The capacity 
) synthesize cytochrome, whose occurrence is universal, appears to 
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have been lost only by these hemophilic organisms. However, this 
fact does not preclude the possibility that hemin is involved in 
regard to other organisms which are difficult to culture. 

Factor V . — The existence of the V factor, with proper- 
ties distinct from those of the X factor, w^as recognized by Davis 
(1917). Its name was supplied by Thjotta and Avery. Its 
properties have been determined by numerous investigators ; its 
thermolabile nature and its destruction by alkalis was recognized 
by Fildes. a. and M. Lwofp (1936) recognized the nature of 
the V factor and were able to show that it functions as a coenzyme. 

The test object employed for this factor is HeTnophilus parain- 
fluenzae (strain 4101 of the Lister Institute). This organism does 
not develop in a water solution of peptone unless it is supplied with 
factor V in the form of a decoction of bakers’ yeast. This yeast 
product, without being concentrated, is active in a dosage of 
1 : 10 , 000 . 

The properties of this factor are as follows : not precipitated 
by barium acetate at pH 8.5, nor by lead acetate at pH 6.8 ; pre- 
cipitated by lead acetate at pH 9.5 and by an excess of mercuric 
nitrate at pH 7, and also by alcohol ; resistant to desiccation in 
vacuum (A. and M, LWOFP, 1936). These properties correspond 
to those of the coenzyme of Warburg and Christian (triphospho- 
pyridine nucleotide). A. and M. Lwopf observed that a concen- 
trated preparation of this coenzyme extracted from erythrocytes 
of the horse, has a V factor activity in a dilution of 1 to 30 millions. 
This represents a 1 :100 million dilution of the coenzyme since 
the degree of purity of the preparation was 0.3. The coenzyme and 
the V factor activity of yeast extract are identical. There are still 
other characteristics which indicate a marked similarity between 
the coenzyme of Warburg and the V factor : destruction in alkaline 
medium, resistance to boiling in acid medium, stability of the 
reduced form in alkaline medium. 

It can be demonstrated experimentally that the dehydrogenase 
activity of bacteria deficient in the V factor is more than 20 times 
weaker than that of bacteria cultured with an excess of this factor. 
The time required to reduce methylene blue by bacteria deficient in 
factor V is reduced considerably upon the addition of factor V 
(codehydrogenase) when these organisms are cultured in the pres- 
ence of various substances : glucose, pyruvate, fumarate, malate, 
ethyl alcohol, asparagine, d-valine, Z-valine. The addition of the 
codehydrogenase to the medium of these bacteria bring’s about a 
ten fold increase in respiration and a twenty fold increase in 
aerobic and anaerobic glycolysis. It is therefore certain that factor 
V is required by Hemophilus parainfLiienzae because of the inability 
of this organism to synthesize its complete dehydrogenase system. 

The study of the chemical constitution of the codehydrogenases 
has already given us a good understanding of the role which they 
play. 
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The active substance in the cozymase of Harden and Young is 
codehydrogenase I of v. Euler. The latter is composed of one 
molecule of the purine base adenine, two molecules of pentose, two 
molecules of phosphoric acid, and nicotinamide. The codehydro- 
genase II of Warburg has the same structure except for the pres- 
ence of an additional molecule of phosphoric acid. The structural 
formula of codehydrogenase I is as follows: 


CONH3 



NICOTINAMIDE ADENINE 

The acid hydrolysis of cozymase (codehydrogenase I) liberates 
the nicotinamide, the adenine, and two molecules of pentose- 
phosphoric acid. The alkaline hydrolysis furnishes nicotin- 
amide and the triphosphoric acid of adenosine (adenylic acid). 
The enzymatic hydrolysis frees the nucleoside of nicotinamide (nico- 
tinamide + one molecule of pentose) and the adenosine (adenine 

one molecule of pentose) . 

Experiments show that nicotinic acid and its diethylamide and 
also adenylic acid when added alone have no growth promoting 
activity. Thus the bacterium is unable to synthesize the complete 
molecule of cozymase from the components of this factor. On 
the other hand, the red corpuscles of man are able to synthesize 
this factor from nicotinic acid (Kohn and Klein, 1939). 

Nicotinamide represents the active group in the molecule and 
takes part in the phenomena of hydrogenation and dehydrogena- 
tion (see p. 53) - 

The cozymase of v. Euler (codehydrogenase I) is a diphospho- 
pyridine nucleotide, whereas codehydrogenase II of Warburg is 
a triphosphopyridine nucleotide. By a dephosphorylation of code- 
hydrogenase II it is possible to obtain codehydrogenase I (cozy- 
mase) . This transformation can be effected either by purely 
chemical means or by enzymatic action. Both of the codehydro- 
genases are involved in the metabolism of Hemcphilus parainfLu- 
enzae. Under certain conditions when the codehydrogenases are 
not united with their specific apozymases a reciprocal transforma- 
tion of the two codehydrogenases can be brought about by this 
bacterium. The nicotinamide is attached in the same manner in 
both molecules. 

It is highly probable that when nicotinic acid is required as a 
growth factor for an organism, this compound participates in the 
construction of the molecule of codehydrogenase. This has not 
been proven, however. We have already seen that codehydrogenase 
makes up part of the vitamin B 2 complex. The physiological rela- 
tionships existing between codehydrogenase and nicotinic acid will 
be discussed later (see p. 192). 
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Hemophilus parainfluenzae is the only organism known to 
require factor V. Furthermore, this factor is the only one required 
by this bacterium. It is not impossible that other microorganisms 
which are difficult to culture also require this factor. 

The study of the hemophilic microorganisms has introduced an 
entirely new set of growth factors, composed of two very different 
factors. ^ However, when the part played by these substances in the 
enzymatic systems is discussed, it will be found that the two fac- 
tors have features which are alike physiologically. In certain 
cases, however, these factors do not act alone ; they act in conjunc- 
tion with some of the better known vitamins. 

The growth factor requirements of some of the hemophilic 
organisms (A. and M. Lwoff) may be summarized as follows: 

Bacteria. — Hemophilus canis requires only hemin; Hemo- 
philus parainfluenzae requires only cozymase; Hemophilus 
influenzae requires both hemin and cozymase. 

Flagellates. — Strigomonas oncopelti requires only thiamin; 
Strigomonas fasciculata and S. culicidarum require thiamin 
and hemin ; Schizotrypanum cruzi requires hemin and 
ascorbic acid. 
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CERTAIN INDIVIDUAL FACTORS: ASCORBIC ACID, 
VITAMIN D AND CHOLESTEROL, PIMELIC ACID, 
THE SH GROUP. 

Ascorbic acid. — We have seen that ascorbic acid can be 
present in the green flowering plants in rather large amounts. It 
is not certain that all the ascorbic acid in such plants can be con- 
sidered as a growth factor of vitamin nature. The data concerning 
the ascorbic acid content and its role in microorganisms are even 
more fragmentary. 

At one time non-green plants, particularly the lower crypto- 
gams, were regarded as unsuited for the synthesis of vitamin C 
and ascorbic acid. This assumption has since been shown to be 
untenable. Bernhaxjer found a reducing substance in Aspergillus 
niger closely related to ascorbic acid. PuKOMOTO and Shimomura 
made the same observation concerning Aspergillus cellulosae, A. 
fugimatus, A. nidulans, and A. melleus. A similar reducing sub- 
stance was found in Penicillium glaucum and P. luteum. We may 
recall, however, that vitamin C and ascorbic acid are not neces- 
sarily equivalents. For example, the presence of reducing sub- 
stances in fungi suggests the existence of a precursor of ascorbic 
acid which does not exercise any antiscorbutic action on animals 
(guinea pigs). 

In certain lactic streptococci, Str. lactis, Str. cremoris, Sir, 
vitrovorus, and also in various lactic bacilli, the ability to synthe- 
size ascorbic acid or a related substance has been assumed. The 
results obtained with B. prodigiosus are particularly interesting. 
When cultured on d-xylose (the substance from which ascorbic 
acid is synthesized chemically) this microorganism synthesizes a 
substance giving a positive reaction for ascorbic acid (Tillmann’s 
reaction), which may actually be ascorbic acid or a related sub- 
stance. The same synthesis has been assumed for B, bifidus and 
also in Kombucha symbionts (a yeast + an acetic bacterium of 
Javanese tea). 

The results concerning the ability of higher fungi to synthe- 
size ascorbic acid are contradictory. Scheunert and Eeschke 
obtained negative results with various edible fungi. Although 
many microorganisms produce reducing substances giving a posi- 
tive Tillmann's reaction (2,6-dichlorophenol-indophenol) which are 
possibly related to ascorbic acid, it has not been proven that these 
microorganisms synthesize vitamin C "which is active on animals. 

We must now examine another aspect of the problem, viz., the 
question of whether the loss of the ability to synthesize ascorbic 
acid makes it necessary to add this substance as a growth factor. 
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Bacteria. Ascorbic acid is reco^ized generally as having a 
lavorabie action on the grovrth of obligate anaerobes. These organ- 
isms are enabled to grow in the presence of oxygen upon the addi- 
tion of ascorbic acid {Clostridium Welchii, for example, accord- 
ing to Kliger and Guggenheim). It may be recalled that cysteine 
IS able to bring about the same effect. Kliger and Guggenheim 
case in which it was more than probable that the 
a^ion was external to the organism and that ascorbic acid was 

adjusting the redox potential of the medium. 

Morell, working with B. coli, was able to observe a relation- 
ship between the oxidizing processes and ascorbic acid. 

There are indications in a certain number of cases that ascorbic 
acid is required as a growth factor. This was first shown by 
Rahn and Hegarty (1938) working with Streptococcus lactis 
when they obseiwed that exhausted cultures are definitely stimu- 
lated by the addition of ascorbic acid. Sartory and collaborators 
also report that certain cocci react favorably to the presence of 
ascorbic acid. ^ The tubercular bacillus has yielded contradictory 
results. B. coli, Aerohacter aerogenes, and B. subtilis (under aero- 
bic conditions) are inhibited by ascorbic acid (Guha and Gupta). 

Sornetimes it is possible to follow the utilization and the trans- 
formation of ascorbic acid in microorganisms. During the 
course of lactic fermentation, ascorbic acid is transformed into its 
oxidized form (Nowotelnow and Wadowa). Bacterium Leich- 
mannii {Thermobacterium acidophilum') is able to hydrogenate the 
dehydrogenated ascorbic acid into ascorbic acid (Tkatschenko) . 
The hemolytic strains of B. coli and the paratyphoid bacilli of the 
B type {Salmonella Schottmillleri) break down ascorbic acid by 
oxidation (Stepp and Schroeder) ; the same is true of Strepto-^ 
coccus mucosus and Enterococcus. In many cases the spore-form- 
ing aerobic bacteria bring about a reversible oxidation of ascorbic 
acid. We will be able to understand better these cases when we 
learn the role of ascorbic acid in oxidation-reduction. 

Fungi. — Only a few fungi have been investigated concerning 
their response to the presence of ascorbic acid. Aspergillus and 
Saccharomyces (various species) are known to respond favorably 
to this substance, although it is not an indispensable growth 
factor. 

Green algae and flagellates. — In these chlorophyll containing 
organisms ascorbic acid seems to play an important role as a 
grow-th factor (Ondratschek, 1940 a, 5, c) . 

Hematococcus pluvialis has been studied in great detail and 
has been shown to require vitamin Bi and ascorbic acid as growth 
factors. With potassium nitrate as a source of nitrogen the effect 
is as follows (expressed as the number of cells per mm^ of solu- 
tion after maximal growth has occurred) : 

control (-without acetate in the light, without vitamin supplements) 350 


without acetate in the light ascorbic acid 2800 

with acetate in the light -f- ascorbic acid 3400 

with acetate in the dark + ascorbic acid 1700 
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With asparagine as the nitrogen source the figures are as follows : 
control (without acetate in the light, without vitamin supplements) 300 


without acetate in the light + ascorbic acid 4000 

with acetate in the light -f- ascorbic acid 4200 

with acetate in the dark -f- ascorbic acid 2100 


The effect of ascorbic acid is more pronounced when used with 
asparagine (mixotroph culture) than when used with potassium 
nitrate. Ascorbic acid apparently compensates for a deficit by 
acting either externally or internally (Fig. 14). In the presence 
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Fia. 14. — Action of ascorbic acid and thiamin on Hematococciis 
•pluvialia cultured in the dark with asparagine and acetate (from 
Ondratschek, 1940a). 

of asparagine and acetate the effect of ascorbic acid begins to 
appear with a dosage of lOy per 100 cc. of solution ; the maximal 
action is obtained with a dosage of 1 mg. (Ondratschek, 1940a). 
This dosage is relatively high and is above the limit Assigned to 
true growth factors. If 1 mg. is accepted as the optimal dosage 
for ascorbic acid, it is found that one cell of this organism requires 
0.0025y of this vitamin providing all the ascorbic acid is absorbed 
and utilized. Even this dosage represents a very large number 
of molecules. 

The striking fact is that sterilization in the autoclave dimin- 
ishes only slightly the action of this vitamin on these microorgan- 
isms. Its effect on animals, on the other hand, is destroyed by 
oxidation and by heat. This apparently confirms the assumption 
that it does not have the same vitamin action on microorganisms 
which it has on animals. 

But another fact supports the possibility that ascorbic acid 
acts as a true growth factor (vitamin) on these microorganisms, 
viz,y the alga HorTnidium flaccidunnn does not require vitamins for 
its growth. According to our view this signifies that this alga is 
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able to synthesize the necessary vitamins when cultured in a purely 
mineral solution, i,e,, it is completely autotrophic with respect to 
vitamins. Furthermore, an extract of a natural product such as 
plant tissue rich in both known and unknown factors has no 
effect. Extracts from HorwddiuTn grown on a strictly mineral 
medium contain 8.4 to 68. 5y of ascorbic acid per gram of dry mat- 
ter (titration by methylene blue according to MartiisTI and Bon- 
SIGNORE). Thus extracts made from vitamin synthesizing organ- 
isms can serve as sources of growth factors for those species which 
are unable to synthesize all the necessary factors (Ondratsghek, 
19405) . Ascorbic acid favors the growth of cultures of Euglena 
gracilis and E. viridis (Eugleninae) , Chlamydomonas dorsiven- 
traits y C. humicola^ C. orbicularis, Chlorogoniunn euchlorum, 
Hematococcus pluvialis (Chlamydomonadidae) , Honrmidium Bar- 
lowi, Vrouema Barlotui, U. gig as (Ulotrichales) . The control 
cultures on the vitamin-free medium in each case undergo an 
appreciable development, indicating that ascorbic acid is not 
absolutely essential; it merely favors growth. Euglena gracilis 
shows a definite need of vitamins for its metabolism. When the 
cultural conditions are autotrophic additional thiamin beyond the 
optimal dosage is ineffective. On the other hand, additional ascor- 
bic acid beyond the optimal dosage exerts an additional auxogenic 
effect. When the cultural conditions are mixotrophic, additions of 
thiamin beyond the optimal dosage have a weak action ; additional 
ascorbic acid has a very strong action. When the cultural condi- 
tions are heterotrophic ascorbic acid in excess of the optimal dos- 
age exerts almost no effect whereas excessive thiamin acts strongly. 
It is clearly demonstrated herewith that the growth factor require- 
ment, which may also be spoken of as the capacity for synthesis, 
is dependent upon the general metabolism. Ascorbic acid is a 
growth factor when the medium is strictly mineral. Thiamin is 
an essential factor when the medium contains nitrogen and carbon 
in the organic form and the culture is grown in the dark. Under 
cultural conditions which permit the simultaneous utilization of 
the CO 2 of the air (autotrophic) and of organic substances, thiamin 
and ascorbic acid act with equal intensity. 

It is surprising to note that widely distributed species such 
as Euglena gracilis, which appear to be completely autotrophic in 
nature, can be rendered partially or completely heterotrophic for 
vitamins. This species was found by Dxjsi (1939) to respond 
favorably to thiamin. All the species of algae and flagellates men- 
tioned in the preceding pages of this chapter respond to thiamin 
which acts in conjunction with ascorbic acid (Ondratsghek). In 
certain cases the effects of thiamin and ascorbic acid are additive 
and of the same magnitude {Euglena), whereas in others the 
simultaneous action of the two vitamins is not strictly additive 
{Chlamydomonas and TJronema), 

Despite certain reservations, ascorbic acid must be considered 
as a growth factor in the case of the green algae listed above as 
organisms requiring this vitamin. \Ve shall place ascorbic acid 
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on the borderline between true growth factors and substances 
functioning as nutrients. 

The use of ascorbic acid as a nutrient and as a source of carbon 
has been considered. It apparently is unable to replace sodium 
acetate as a source of carbon for Hematococcus pluvialis since 
attempts to make such a substitution bring about a cessation of 
growth after the second passage. 

H eterotrophic flagellates. — The tirst microorganism shown 
to require ascorbic acid was Schyzotrypanum cruzi (M. LwOFF, 
1938). This pathogenic trypanosome is easily cultured on media 
based on blood. It would be reasonable to suspect that this organ- 
ism, like Strigomonas, might require hemin as a growth factor. 
However, hemin alone does not permit the culture to undergo a 
series of passages. Obviously a second factor is required- Since 
the results obtained with red blood corpuscles were very incon- 
sistent, M. LwoFF assumed that the second factor was labile and 
believed it to be ascorbic acid. This factor is known to be destroyed 
rather rapidly in serum. Experiments show that ascorbic acid 
when used together with hemin and serum produces cultures com- 
parable to those produced with whole blood. Hence ascorbic acid 
is indispensable to this species of trypanosome. An unknown 
factor which is present in the serum and may possibly be cholesterol 
is designated provisionally as the TS factor by M. LwoFF. Unfor- 
tunately nothing is known concerning the dosage required and we 
do not know whether this substance should be considered as a 
true growth factor in the sense that we now use the term. 

Heterotrophic flagellates of the group Tetramitides also 
require ascorbic acid (Cailleau, 1937, 1940). Three species. 
Trichomonas columbae, T. foetus and Eutrichomastix coluhro-- 
rum require ascorbic acid and also cholesterol as growth 
factors. A culture of one of the above species can be grown on a 
broth base supplemented with veal liver extracted by alcohol and 
acetone. The liver extract, after 14 months in storage, is no 
longer active but it can be reactivated by the addition of cholesterol 
and ascorbic acid. Since these investigations of Cailleau do not 
indicate the dosage of ascorbic acid added, it is necessary to make 
the same reservation as in the case of Schizotrypanum cruzi regard- 
ing the action of vitamin C as a true growth factor of vitamin 
nature. 

A study concerning the specilicity of action has been started 
with Eutrichomastix coluhrorum (K. Caillbaxj, 1939). The re- 
sults obtained are as follows: Z-ascorbic acid, d-arabo-ascorbic acid 
(isoascorbic acid), and d-gluco-hepto-ascorbic acid are active on 
flagellates and on vertebrates. The reductone and cZ-gluco-ascorbic 
acid are inactive on vertebrates but are active on flagellates. The 
activity on vertebrates, is strictly dependent upon the stereo- 
chemical configuration of the vitamin molecule, but this is not the 
case with the flagellates. Hence the specificity of vitamin C activ- 
ity is not very marked in Eutrichomastix. 
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At present no other microorganisms are known to require 
ascorbic acid. 

Cholesterol and vitamin D. — Although vitamin D is very 
important in the animal kingdom, it appears at present to play 
only a secondary role in the plant kingdom. The reason for this 
situation is that it has hardly been studied from the botanical 
point of view. Plants contain the precursor of vitamin Do called 
provitamin Da. This precursor is a sterol, known as mycosterol 
or ergosterol, and is abundant in fungi, particularly the yeasts. 
Provitamin Da is transformed into the active vitamin Do by irradia- 
tion with ultraviolet light. 

Bacteria. — Prickett and Massengale (1931) have studied 
the action of ergosterol on the growth of various species of Myco- 
hacteriuTn, M. leprae, M, phlei, M. tuberculosis, M. avium, M* 
berolinensis, and M. smegatis (9 strains representing 6 species). 
When these species of bacteria are cultured on an agar medium 
with 5 per cent glycerol, they do not synthesize ergosterol ; its 
addition to the medium definitely favors growth and the produc- 
tion of pigments (studied by Ingraham and Steenbock) , Strange, 
indeed, is the fact that the irradiated (activated) ergosterol does 
not accelerate growd:h; it actually retards growth when used in 
high concentrations. 

It has not been proved that ergosterol acts as a true growth fac- 
tor. This type of action might be suspected because the first 
impression seems to indicate that this substance is required be- 
cause of a loss in capacity for synthesis. Its action, however, is 
only stimulatory in nature. 

Bacteria, for the most part, are devoid of sterols. This is 
assumed to be true for Mycobacterium tuberculosis, Corynebac- 
terium cliphtheriae and Escherichia coli (Behring, Chargrafp) . 
Caileeau (1937), using a biological assay (test organism — Tricho- 
monas columhae) , found that the acetone extracts of certain bac- 
teria, which will be listed later, contain no sterols. The lack of 
sterols in bacteria is in direct contrast to the situation in fungi, in 
which sterols are widely distributed. Only a very few bacteria 
contain these compounds. For example, Azotohacter chroococcurtiy 
according to Greaves (1935) contains one or several sterols syn- 
thesized from a purely mineral medium -h glucose. 

The absence of sterols in a bacterium need not necessarily indi- 
cate a loss of capacity for synthesis accompanied by a need for 
one of these compounds as a grow^th factor. Even the fact that a 
sterol, e.g., ergosterol, favors growth does not necessarily mean 
that it acts as a true growth factor. The action may be purely of 
stimulatory nature. 

Flagellates. — In contrast to the bacteria, certain flagellates 
(Trypanosomatidae, Trichomonadidae) of the genus Trichomonas 
require sterols as indispensable factors. These organisms have 
been studied thoroughly by Cailleatj (1937). 
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A culture of Trichomonas columhae requires that the basal 
medium be supplemented with an acetone extract from liver. This 
extract may be replaced by natural products such as egg yolk, 
hydrolyzed lecithin, and bile. On the other hand, the hydrochloride 
of choline does not permit a culture to survive a series of passages. 
These facts point to cholesterol as the active factor in question. 
Experiments show that an alcoholic solution of cholesterol permits 
cultures of Trichomonas to undergo a number of passages. The 
concentration of cholesterol required is relatively high, viz., 
1:10,000. This is definitely higher than the usual dosage of growth 
factors. The action of an impurity might be suspected because of 
the size of the dosage and because of the fact that the vitamin I> 
effect discovered in cholesterol was found to be due to the con- 
tamination of the latter with ergosterol. This hypothesis of an 
impurity is not supported experimentally since absolutely pure 
samples of cholesterol have the same activity as impure samples. 

It has been demonstrated by Cailleau that cholesterol is re- 
quired by the following: Trichomonas columhae (19396), T. foetus 
(1938), T. batrachorum, Siicid Eutrichomcbstix colubrorum (1939a), 
All of these organisms, except Trichomonas batrachorum, require 
an additional factor, ascorbic acid. Both of these factors are 
absolutely indispensable for growth. 



CHOLESTEROL 


The specificity of action of cholesterol has been studied very 
thoroughly with Trichomonas columhae by means of 71 products 
more or less closely related to cholesterol. This specificity is 
rather pronounced. The following substances are active: choles- 
terol, cholestanol, epidehydrocholesterol, allo~cholesterol, acetate of 
cholesterol, palmitate of cholesterol, 22-dihydro-ergosterol, .x-ergos- 
terol, y-sitosterol, y-sitostanol, cinchol, cis-cholestan-3-4-diol, cis- 
:6-cholestine-3 :4-diol, and ergostanol. The following substances 
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are somewhat less active : ergosterol, o:-dihydro-ergosterol, the 
acetate of y-sitosterol, and pyridino-allocholesteroL 

Any satisfactory discussion of the specificity of action of chol- 
esterol presupposes an acquaintance with the chemistry of this 
complex g'roup of sterols (see Fieser, 1937). Since a discussion 
of the chemistry of these compounds is beyond the scope of this 
volume, we simply give the structural formula of cholesterol and 
point out the substitutions which inactivate the molecule in the 
case of TrichoTnonas coltimhae. 

According to Cailleau the epimerization of the sterol in the 
third, fourth or fifth position completely inactivates the molecule. 
The elimination of the double bond between the fifth and sixth 
carbon atoms does not alter the activity. The same is true for 
the esterification of the alcohol group in the third position (the 
acetate and the palmitate are active). On the other hand, the 
transformation of the alcohol group in the third position into a 
ketone, and also the elimination of the hydroxyl groups in the third 
and fourth positions of cis-A-5 :6-cholestine 3 :4-diol, or their 
replacement by chlorine destroys the activity. Finally the side 
chain may be altered without reducing the activity (cinchol, ergo- 
sterol, and sitosterol are physiologically active), but the complete 
suppression of the side chain destroys the growth factor action. 
(For details refer to the original publications of Cailleau 1937, 
1989<z and &) . 

The sterols which are active as growth factors seem to 
constitute a separate group. The carcinogenic substances, the 
estrogenic hormones (female sex hormones), the male sex hor- 
mones, and the anti-rachitic substances (vitamin Da) have no 
growth factor action on Trichomonas. The inactivity of vitamin 
Da (calciferol) and lumisterol is explained by assuming that the 
OH radical in the third position has been epimerized. 

Practically nothing is known concerning the physiological role 
of cholesterol in the flagellates. In higher animals which require 
the antirachitic vitamin it is believed that cholesterol increases 
the permeability of the intestine for calcium. Moreover, complex 
relationships exist in animals between the action of vitamin D 
and certain hormones (thyroid and parathyroid). It is impossible 
to make further comparisons between the reactions of the flagellates 
and those of vertebrates. However, it is conceivable that the chol- 
esterol might, as a constituent of the ectoplasm, take part in the 
phenomena of permeability. 

In the higher plants the female sex hormones act as growth 
hormones under certain conditions. 

It is difficult on the basis of the available evidence to consider 
cholesterol as a true growth factor inasmuch as the dosage re- 
quired for action is large and its physiological role is still obscure. 
Nevertheless its action is very interesting. 

The flagellates listed above are the only organisms knowm to 
require cholesterol and are the only ones studied extensively in 
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this connection. It has been observed by R. Devloo that cholesterol 
is utilized by yeasts in which it functions as bios but this report 
lacks confirmation and interpretation. 

Fimelic Acid. — This substance has been studied very 
little. It is known to be active only on Corynehacteriu'rri diph- 
theriae. This bacterium when cultured in a synthetic medium 
containing a carbon source and the usual mineral salts (Mueller, 
1937) requires, in addition, cystine, (f-lactic acid, as well as traces 
of heavy metals, iron, manganese, copper and zinc. This medium, 
moreover, does not support normal growth unless it receives sup- 
plements of liver extract. The latter was used by Mueller and 
his collaborators for the isolation of growth factors. Corynehac- 
terium diphtheriae will be encountered elsewhere in this book 
since it requires nicotinic acid and beta-alanine as growth factors. 
The latter is the really essential factor and is active in very small 
dosage. This bios Ila component must participate in the synthesis 
of pantothenic acid. In addition to these two factors, a third sub- 
stance exercises a favorable action. It is found for instance in 
the urine of cows, from which material MUELLER extracted and 
identified the factor as pimelic acid. This acid alone, or nicotinic 
acid alone, is inactive, whereas beta-alanine alone is active. The 
maximal effect, however, is exercised by a combination of the 
three. Fimelic acid must in this case be considered as a co-factor. 
When the cultural conditions are optimal it acts quantitatively, 
the maximal effect being produced by a dosage of 0.5y per 10 cc. 
of medium. The natural pimelic acid has the same activity as the 
synthetic product. (The response of the culture to this substance 
was measured by means of a nitrogen analysis of the bacterial 
colony) . 

The specificity of action appears to be very pronounced. No 
activity was observed in any of the following dibasic acids : oxalic 
acid (COOH-COOH), malonic acid (COOH-CHo-COOH) , succinic 
acid (COOH- (CHo) o-COOH) , glutaric acid (COOH- (CHs) s- 
COOH), adipic acid (COOH- (CH^) ^-COOH) , suberic acid (COOH- 
(CHsls-COOH), and azelaic acid (COOH- (CH^) t-COOH) . 

Recent experiments of nu Vigneaud and co workers (1942) 
with the Allen strain of the diphtheria bacillus indicate that pimelic 
acid is utilized for the synthesis of biotin. These workers found, 
however, that pimelic acid is unable to replace biotin in its growth- 
stimulating effect on yeast. Apparently the latter has lost its 
ability to synthesize the other component or to condense the com- 
ponents into a molecule of biotin. 

R. E. and Ester Eakin (1942) demonstrated independently the 
physiological relationship between pimelic acid and biotin. They 
suspected a possible relation between pimelic acid and biotin when 
DU Vigneaud, Hoffman, and Melville (1942) reported the tenta- 
tive structural formulae for the latter with a side chain — CH^CHo- 
CH 2 CH 2 COOH, and accordingly designed a unique procedure for a 
study of the biosynthesis of biotin. They selected an organism 
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{Aspergillus niger) whose rate of growth is not affected by either 
biotin or pimelic acid (autotrophic for biotin) , cultured it on a 
biotin-free medium, and demonstrated the activity of pimelic acid 
in promoting the synthesis of biotin. Cultures supplied with pime- 
lic acid (1 mg./12 cc. of medium) produced 16 to 86 times as 
much biotin as the controls. These authors extended their studies 
to the specificity of action and found the lower homologues of 
pimelic acid (succinic, glutaric, and adipic acids) and an isomer, 
^-methyl adipic acid, inactive. The higher homologues, suberic 
and azelaic acids, however, possess activity comparable to that of 
pimelic acid. Apparently the specificity of action is less pronounced 
in A, niger than in C. diphtheriae. 

The SH Group. — Various organisms, particularly the lower 
ones, are unable to reduce oxidized sulphur ; they require 
this element in the reduced form {Saprolegnia, for example, accord- 
ing to Volkonsky). On purely theoretical grounds, Lwoff 
considers reduced sulphur as a growth factor but the author dis- 
agrees with him on this point since the major part of sulphur 
must be utilized as food with plastic action. This, however, does 
not preclude the possibility that a small part of this reduced sul- 
phur functions as a growth factor. 

Repeatedly cysteine and glutathione (SH form) have been 
found to have a beneficial action on the aerobic fermentation of 
Saccharomyces cerevisiae and an inhibitory action on respiration 
and growth. In the case of Propionihacterhim pentosaceum these 
compounds accelerate both aerobic and anaerobic fermentation as 
well as respiration (Chaix). The influenza bacillus exhibits a 
growth response to these compounds (Kollath). 

The most interesting effect produced by compounds containing 
reduced sulphur is that exerted on cell division (Hammet). This 
process is retarded by glutathione. On the other hand a favorable 
action on the growth of Aspergillus niger has been pointed out by 
Guha and Gupta. 

The relationship between the SH group and ascorbic acid is 
well known. The latter protects the former against oxidation to 
SS. The SH group is able to reduce dehydroascorbic acid. Other 
i*elationships exist according to Joyet-Lavergne. Glutathione is 
synthesized in the chondriome where it is found associated with 
vitamin A. The latter protects the glutathione against oxidation. 

Although the position w^hich the SH group should occupy in 
the system of growth factors is difficult to decide, it is necessary 
to include it in this discussion. The reduced sulphur probably acts 
as a precursor of compounds which function as true growth factors. 
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FUNCTIONS OF VITAMINS (GROWTH FACTORS); 
THEIR ACTION AS COENZYMES. 

The fact that vitamins are required in very small dosages pre- 
sents an interesting problem regarding the mechanism of their 
action. What are the functions of thiamin, riboflavin, ascorbic 
acid, hemin and cozymase which are required for the growth of 
certain organisms? 

Vitamin A and carotene. — Little is known concerning the 
role of carotene in plants. This is true at least for the chemical 
mechanism of its action or actions. We have seen that carotene is 
f ormed in the chondriome and that it must play a role in cellular 
oxidations. Carotene possesses properties of oxygenases. In the 
presence of peroxidase it activates molecular oxygen. The system, 
carotene pyrogallol peroxidase, is inhibited by oils, the less 
saturated ones being the more effective (Bokodine). It has been 
impossible to determine whether carotene acts as a growth factor, 
and, except for the particular case of carotinoid factors affecting 
the sexual processes of Chlamydomonas, the chemical mechanism 
of its action remains shrouded in obscurity. 

Thiamin. — The B vitamins are much better known with 
respect to the chemistry of their action on metabolism. Thiamin 
has been known for a long time to participate in the metabolism 
of carbohydrates. A deficiency of this vitamin in animals results 
in an accumulation in the blood of methylglyoxal (pyruvic alde- 
hyde) produced as an intermediate product of carbohydrate meta- 
bolism. 

It is from the study of alcoholic fermentation that the precise 
role of thiamin was learned. This process consists of a series of 
steps: phosphorylation of glucose and production of hexose-di- 
phosphoric acid, and the splitting of this molecule into two mole- 
cules of triose phosphoric acid; these in turn produce a-glycero- 
phosphoric acid and phosphoglyceric acid ; the phosphoglyceric acid 
is hydrolyzed into pyruvic acid and phosphoric acid; the pyruvic 
acid is split enzymatically by carboxylase into acetaldehyde and 
CO2, the latter being released as a product of fermentation. The 
acetaldehyde reacts with one molecule of triose phosphoric acid 
in accordance with an oxidation-reduction reaction in which the 
triose phosphoric acid is oxidized to phosphoglyceric acid and the 
acetaldehyde is reduced to ethyl alcohol as the second product of 
fermentation. 
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The step in carbohydrate metabolism which requires the action 
of thiamin is the one in which pyruvic acid is split. The role of 
this vitamin was elucidated by a series of discoveries beginning* 
in 1937. Lohmann and Schuster (1937) extracted from yeast 
a cocarboxylase which was highly active under certain conditions 
(pH 6.2, in the presence of Mg). They determined the structure 
of this cocarboxylase and found two atoms of phosphorus attached 
in the form of an ester to a group whose composition corresponds 
to that of thiamin. Cocarboxylase can therefore be considered as 
a dipyrophosphoric ester of thiamin. In the metabolism of yeast 
(decarboxylation of pyruvic acid) this phosphoric ester of thia- 
min is able to replace the cocarboxylase extract. 

The formation of cocarboxylase (pyrophosphate of thiamin) 
is tied up with the cycle of adenylic acid (Lipmann) : 

adenosinetriphosphate 4- thiamin adenylic acid 4- cocarboxylase 

It has even been assumed that the active form of vitamin 
is not cocarboxylase, but acetylated co carboxylase. The bio- 
synthesis of cocarboxylase in the presence of thiamin is easily 
accomplished by microorganisms in general, and certain propionic 
bacteria are able to synthesize acetyl-cocarboxylase in the pres- 
ence of thiamin. 

The action of cocarboxylase on pyruvic acid in the presence of 
washed yeast in alkaline solution containing Mg, is stimulated by 
free thiamin. The same stimulation can be observed in the pres- 
ence of orthophosphate of thiamin, or simply pyrimidine (Ochoa). 
Similar observations were made with acetyl-thiamin by Westen- 
BRINK. The stimulating action of thiamin depends in part on the 
manner in which the yeast containing the apocarboxylase has been 
washed. The explanation of this fact given by Westenbrink 
(1940) is as follows: thiamin does not act directly on the system, 
pyruvic acid 4- carboxylase 4- pyrophosphate of thiamin (cocar- 
boxylase) 4 - Mg. Instead it acts upon the enzyme, phosphatase 
which brings about a dissociation of pyrophosphate of thiamin in 
two separate steps. The intermediate product is orthophosphate 
of thiamin. The two steps are carried out by the same phospha- 
tase (optimal pH 3.7). This phosphatase, by destroying the co- 
carboxylase, stops the action of the latter on pyruvic acid. The 
action of this phosphatase is inhibited by the addition of either 
thiamin or the pyrimidine component. Hence the apparent stimu- 
lation of thiamin on cocarboxylase is in reality an inhibition of 
the enzyme destroying the cocarboxylase. 

It is beyond the scope of this chapter to discuss in detail the 
enzymological aspects of the thiamin problem. It is of interest 
to us, however, to know the chemical mechanism of the action of 
thiamin demonstrated by means of plants. Only the microorgan- 
isms enter into this aspect of the subject. 

The first demonstration was made by means of yeast. In this 
organism cocarboxylase (pyrophosphate of thiamin) accelerates 
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the decarboxylation of pyruvic acid, the criterion for decarboxy- 
lation being the volume of CO 2 released (Lohmann and Schuster) . 

Hills, working with Staphylococcus aureus, studied the mech- 
anism of action of thiamin on a medium based on pyruvic acid. The 
volume of oxygen absorbed was measured. In the absence of thia- 
min oxygen consumption was small. No appreciable increase was 
obtained with a suboptimal vitamin dosage, but with an optimal 
dosage the consumption was much increased. The combination, 
pyrimidine + thiazole, has the same effect as thiamin. When 
these thiamin components were employed, a certain lag period 
was observed; this is probably due to a preliminary synthesis of 
the molecule of thiamin. When used singly, the components of 
thiamin were found to be inactive. 

According to Krebs, Staphylococcus aureus growing on a me- 
dium based on pyruvic acid under anaerobic conditions produces 
acetic and lactic acid in the following manner ; 

2 molecules of pyruvic acid -h HoO acetic acid 4- lactic 

acid 4- COo. 

The acetic acid is transformed into acetoacetic acid. Pyruvic acid 
may also undergo a dismutation which results in ^-hydroxybutyric 
acid, lactic acid, and CO 2 as follows : 

3 molecules of pyruvic acid + H 2 O /3-hydroxybutyric 

acid 4- lactic acid -h 2 CO 2 . 

Krbbs^ explanation of the mechanism of action of Staphylo- 
coccus aureus and of the consumption of oxygen is based on the 
preceding observations according to which oxygen is utilized strict- 
ly for the oxidation of lactic acid. 

Silverman and Werkman (1939) working with three species 
of bacteria, Propionibacterium pentosaceum, P. Petersonii, and 
Lactobacillus 'mannitoprote^is observed that the addition to thiamin 
markedly accelerates CO 2 production by cultures growing on a 
medium based on sodium pyruvate. An experiment of a somewhat 
different nature was performed bjr Haag who cultured Phycouiyces 
Blakesleearius on a medium based on glucose and supplied with 
suboptimal doses of thiamin. Under these cultural conditions he 
observed an accumulation of pyruvic acid which can be detected 
colorimetrically. 

All observations just described agree in one respect, namely, 
that thiamin, as a constituent of cocarboxylase, participates in the 
decarboxylation of pyruvic acid. 

The reaction mechanism in Bacillus Delbruckii is somewhat 
different. LiPMANN (1937) observed that this bacterium does not 
bring about the decarboxylation ' of pyruvic acid into CO 2 and 
acetaldehyde. Instead an acetone extract of the organism causes 
a dehydrogenation of pyruvic acid. He believes that the dehydro- 
genase and the carboxylase utilize different protein carriers but 
that the active group in both cases is identical with cocarboxylase. 

This short examination indicates the lack of complete accord 
concerning the mechanism of action. Apparently thiamin is a con- 
stituent of a cocarboxylase, of a dehydrogenase, and finally of an 
anaerobic dismutase (see R. R. Williams and Spies, 1939) . 
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The mechanism of action of cocarboxylase on pyruvic acid may 
be represented according to the following simplified scheme: 

(a) action of cocarboxylase: 
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The process of decarboxylation requires the presence of the NHa 
group in the fourth position of the pyrimidine portion of the mole- 
cule. The formula of the molecule of cocarboxylase may be abbre- 
viated as R NII2, in which R represents the remainder of the 

vitamin. 
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The study of the specificity of action of thiamin on various micro- 
organisms has shown that the free NHs group is fundamental to 
the process illustrated above and that all substitutions for this 
group destroy the vitamin action. A derivative with OH in place 
of ]SiH 2 produced by Grewe is completely inactive on several of 
our microorganisms (Schopfer and Blxjmer) . 

The decarboxylation process begins with the production of a 
ketoimide of pyruvic acid which yields CO 2 and an acid derivative 
of acetaldehyde; the latter reacts with another molecule of pyru- 
vic acid producing a molecule of ketoimide and one of acetalde- 
hyde, and the process is repeated again and again. 

(b) action of a dehydrogenase: 

When thiamin acts as a dehydrogenase the essential part of 
the molecule is the H in the second position of the thiazole portion 
of the molecule (Lipmann, 1937 ; Lipmann and Perlemann, 
1938). The reduction takes place at the nitrogen atom of thiazole 
as follows ; 
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In this phenomenon, the hydrog-en atom in the second position of 
thiazole, or more particularly the nitrogen in the third position, is 
of prime importance. The author, from an extensive study of the 
specificity of action of thiazole, has demonstrated experimentally 
that all substitutions for the H destroy the vitamin activity. Only 
the heterotrophic flagellates of Lwoff tolerate the presence of a 
CHg group in place of H. It must be assumed that these organisms 
possess the ability to demethylate the thiazole and restore it to its 
active form. 

It is entirely possible to conceive a mechanism with a simul- 
taneous occurrence of two functions, e.g., a reduction and decar- 
boxylation of pyruvic acid and phosphopyruvic acid, respectively. 
The relationships existing among the components of carboxylase 
(cocarboxylase, apocarboxylase and magnesium) and pyruvic acid 
may be demonstrated as follows : 

Mg^ -PROTEIN 

PHOSPHO- 

PYRUVIC 

ACID 

III 
I 

—THIAZOLE PYROPHOSPHORIC ACID 

The following reactions may occur: I. a hydrogenation of pyruvic 
acid, and union with the nitrogen of the pyrimidine, II. a reduction 
of the nitrogen of the thiazole and a simultaneous oxidation and 
a decarboxylation of the pyruvic acid, followed by a reoxidation of 
the nitrogen of the thiazole by a dehydrogenase system. A. Jung 
has proposed a scheme in which the action of cocarboxylase is 
related to a cycle of oxidation and phosphorylation (fumaric acid - 
pyruvic acid - diphosphopyridinonucleotide - adenylic acid - Mg) . 
To discuss this interesting concept here would involve too many 
details (see Jung, 1940). 

In summarizing , we may say that thiamin is an essential con- 
stituent of coenzymes ; that the loss of the ability to synthesize 
thiamin means that vital enzymatic reactions cannot be carried out 
unless this vitamin is supplied as an exogenous growth factor. 

Riboflavin. — This flavin is found in all animal and plant 
tissues and occurs in a number of different forms. It occurs in 
the free state and also in combination with various specific pro- 
teins. One such combination is represented by the ‘'yellow enzyme'’ 
in which the riboflavin is bound to phosphoric acid and a protein. 
This enzyme functions as a hydrogen carrier in the biological 
oxidation of glucose (Theorell, 1937). The hydrogenation is 
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carried out by the nitrogen atoms in the first and tenth positions 
of the isoalloxazine portion of the enzyme. 



YELLOW ENZYME HYDROGENATED YELLOW ENZYME 

(leuco form) 

The ‘‘yellow enzyme” is transformed by hydrogenation into its 
leuco form (leuco-riboflavin) which can again be dehydrogenated, 
the reaction being reversible. The activated hydrogen of the re- 
duced enzyme reacts with oxygen of the air or is transferred to 
another acceptor. Hence the enzyme functions as an “oxy trope” 
dehydrogenase. 

The fact that riboflavin is required by microorganisms which 
have lost the capacity to synthesize it (lactic bacteria for exam- 
ple) is easily understandable in view of the importance of the func- 
tion of the “yellow enzyme” in the transport of hydrogen. 


Nicotinic acid and the codehydrogenases. — The amide of nico- 
tinic acid is a component of the two codehydrogenases, coenzyme I 
and II which are constituted respectively by; 

(I) nicotinamide - ribose - phosphoric acid (2 molecules) - 
ribose - adenine 

(II) nicotinamide - ribose - phosphoric acid (3 molecules) - 
ribose - adenine. 
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The nicotinamide is the active part of the coenzyme in that it acts 
as the carrier of hydrogen from one substrate to another. Accord- 
ing to Karrer and Benz all pyridines are able to undergo a revers- 
ible hydrogenation by virtue of their pentavalent atom of nitrogen 
and in this respect they are similar to thiazole. 

We have stated, with certain reservations, that nicotinic acid 
is an essential growth factor in microorganisms and plants in gen- 
eral- This substance occurs in tissues as a constituent of the co- 
dehydrogenases (factor V). The importance of these factors is 
due to their function as coenzymes as in the case of the preceding 
vitamins. 

Ascorbic acid. — We have already stated that it is doubt- 
ful whether ascorbic acid functions as a true growth factor. One 
of its essential functions consists in the establishment of a favor- 
able redox potential of the culture medium. The action is of this 
nature in all cases in which the organism requires the vitamin in 
large dosage. 

Plants contain an oxidase capable of oxidizing ascorbic acid 
into dehydroascorbic acid. This oxidase is probably constituted by 
a copper-protein complex (Szent-Gyorgyi) . We are not fully in- 
formed, however, concerning the role played by ascorbic acid in 
biological oxidations (c/. Tauber 1938, and Szent-Gyorgyi, 1939- 
1940; Carroll, 1943). 

Vitamin K. — The chemical mechanism of this recently dis- 
covered vitamin is not yet well known. This problem has been 
studied by E. L. McCaw^LEY and C. Gurchot working with vita- 
min K (natural and synthetic forms ) , 2-methyl- 1, 4-naphthoquinone 
and phthiocol (2-methyi-3-hydroxy-l,4-naphthoquinone) , all of 
which have vitamin K activity. They state that the hydroquinone 
form is rapidly oxidized by molecular oxygen and suggest that this 
vitamin acts as a catalyzer of oxidation-reduction. It is assumed 
that this vitamin takes part in the synthesis of prothrombin since 
it influences the prothrombin concentration. It exerts, through its 
side chain, a favorable action on the activity of cathepsin of the 
liver. The relations between the chemical mechanism of action 
of vitamin K and the two other above named substances are not 
known. The suggestion has been advanced by Bernheim and 
Bernheim (1940) that the vitamin participates in an oxidation- 
reduction system involving the oxidation of SH groups to -S-S- 
linkages. Another hypothesis of similar nature was proposed by 
Baumbergbr (1941), according to which the formation of the 
blood clot involves an oxidation of SH groups of flbrinogen to 
— S — S — groups in flbrin. 

Hemin. — This substance is also known as factor X. Accord- 
ing to present knowledge, it is required as a gi'owth factor only by 
some of the hemophilic organisms (A, and M. Lwoff, 19376). 
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The hemes (with F€++) are constituents of reduced cyto- 
chrome; the hemins (Fe+++) are constituents of oxidized cyto- 
chrome, of catalase, and of peroxidase. Reduced cytochrome is 
oxidized by a respiratory enzyme, cytochrome-oxidase or indo- 
phenol-oxidase (c/. Keilin, 1933). 

The absence of hemin, or of protohemin or the inability to 
synthesize these substances, which are widely distributed in all 
aerobic org'anisms, must therefore result in trouble of a funda- 
mental nature in the course of oxidation. The situation may be 
remedied and growth permitted to occur by the addition of hemin 
or of protohemin as growth factors. 

Vitamins in the enzymatic systems. — We shall now establish 
the role which growth factors play in the transport of hydrogen. 
In this discussion we shall consider only the substances which we 
have recognized as necessary growth factors in one case or another. 

The codehydrogenases (factor V) (A. and M. Lwopf 1937a) re- 
ceive hydrogen from the substrate and are transformed into di- 
hydrocodehydrogenases. The latter are stabile in air and are not 
oxidized directly, but they are dehydrogenated to the codehydro- 
genases by the ^‘yellow enzyme’^ which functions as the hydrogen 
acceptor and is transformed into the leuco-form which in turn gives 
up its hydrogen to the oxygen of the air or to various other accep- 
tors and is thus reoxidized. The leuco-form of the ‘^yellow enzyme'^ 
can also be rapidly dehydrogenated by cytochrome C which is again 
oxidized by the cytochrome oxidase (indophenol oxidase). The 
dehydrogenase nucleopyridine system and the cytochrome system 
require another substance, acting as a ‘‘carrier’' or “go-between” 
represented by diaphorase. The latter is a dinucleotide based on 
alloxazine and adenine. Thus the hydrogen taken from the sub- 
strate by the codehydrogenases and transferred to various accep- 
tors finally comes in contact with oxygen. These reactions may 
be represented in the following manner: 

Ha — > substrate — > dehydrogenases — codehydrogenases — > 

yellow enzyme cytochrome Oa. 
Each of these steps, through which the hydrogen passes, involves 
a growth factor of vitamin nature. If any link in the chain of 
substances is lacking, the organism is unable to grow unless a 
substitute can be found. If factor V (codehydrogenase), the first 
link, is lacking, access to hydrogen will be closed under aerobic 
and also under anaerobic conditions. If factor V is present, but 
Factor X (the hemin component of cytochrome) is absent, there 
still remains an open course because the yellow enzyme can trans- 
fer its hydrogen to an acceptor other than cytochrome. 

The above example clearly illustrates the real significance of 
vitamin factors and makes it -easy to understand why such sub- 
stances are absolutely necessary. 

The organism can be compared with an extremely complex 
mechanism composed of an infinite number of gear wheels. If 
one of these wheels is missing or if it is unable to function, and 
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if it cannot be replaced, the entire mechanism stops. If one pauses 
to reflect concerning the mechanism of action of this growth factor 
or of this gearwheel he is amazed at the precision of the mechan- 
ism, When the jeweler has to insert a delicate wheel in a watch 
he must put it in the proper place, the only one which will permit 
the mechanism to start again. 

The vitamin factor which acts often in such small dosages that 
only a few molecules are required for each cell can not be absorbed 
in a haphazard fashion by the living material. It must be placed in 
a definite locus in the extremely complex structure of the cytoplasm, 
i.e., where it can be integrated normally in this structure. We 
know that PhycoTyiyces adsorbs thiamin with considerable force. 
The thalliis is able to extract thiamin from the substrate on which 
it is adsorbed. Yeast likewise actively adsorbs biotin (Kogl). 
This property was utilized by Nielsen in separating a growth fac- 
tor of yeast from a complex medium (biological adsorption) . The 
vitamin molecule, once adsorbed and absorbed, must find by selec- 
tion the frequently circumscribed region (Haftbezirk of Kogl) in 
which its action will be manifested. At first thought it seems strik- 
ing that living matter is represented as an extraordinarily complex 
structure in which the biologist can change nothing. The living 
cell, on the other hand, is able to absorb the few molecules which 
it lacks and to move them to the proper place. 

We are now able to return to our first definition of a vitamin 
growth factor, viz., that it is an extremely active substance of 
organic nature, required by an organism because the latter has 
lost the capacity to synthesize it. An additional characteristic can 
now be added as the result of our study of the mechanism of action, 
namely that it functions as a coenzyme or a fragment of a co en- 
zyme. This new criterion makes it understandable why the sub- 
stance is extremely active (active in very small dosage) . It is due 
to the manner in which a coenzyme acts (SCHOPFER, 1939). 

This definition applies to the principal growth factors which 
we have studied; thiamin, riboflavin, nicotinic acid, the codehydro- 
genases, ascorbic acid and perhaps carotene. No precise informa- 
tion is yet available regarding the function of biotin or pantothenic 
acid. 

As we explained the mechanisms involved in the loss of capacity 
for synthesis of growth factors and the variations of this phenom- 
enon we held that a relationship exists with the adaptive enzymes 
from which the organism can “learn’’ to synthesize the necessary 
enzyme. The loss of the capacity to synthesize an indispensable 
enzyme, coenzyme or fragment of a coenzyme always causes an 
organism to become dependent on that substance as a growth fac- 
tor. Experiments will shov/ whether these views are correct. If 
an organism lacks a coenzyme, or synthesizes the latter too slowly, 
an addition of the enzyme or of the coenzyme furnished by another 
organism should be effective by virtue of the growth factor action. 

Our study started with growth factors but led to enzymes and 
coenzymes. It is possible to proceed in the opposite direction and. 
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starting with enzymes and coenzymes, we may discover new growth 
factors. There are a number of microorganisms which can not 
yet be cultured, even by employing all tlie known growth factors. 
Apparently unknown factors exist which are members of other 
enzyme systems. By taking into account the fact that a growth 
factor is a coenzyme, it may be possible to determine by trial and 
error whether various unsuspected coehzymes may eventually func- 
tion as growth factors. 

On a theoretical basis we can exclude from the group of true 
growth factors all substances which are not normal constituents 
of organisms even if they stimulate growth when used in small 
dosage- A stimulant has nothing in common with a true growth 
factor. 

In the course of this discussion we have mentioned a few of the 
enzyme systems and have considered one of the possible paths of 
hydrogen. This brings up the question of what takes place in an 
organisms whose growth involves a great number of reactions cata- 
lyzed by many enzymes. Why do all organisms regardless of th^r 
systematic position in the plant or animal kingdom require approxi- 
mately the same vitamin factors when the ability to synthesize so 
many others might equally well have disappeared? The question 
remains unanswered. The assumption might be made that the 
needs which became apparent are those which pertain to substances 
which are absolutely indispensable and irreplaceable. The inability 
of organisms to synthesize their essential vitamins (auxo-hetero- 
trophism) appears to be a general characteristic of living matter, 
irrespective of the systematic position of the organisms. 

REFERENCES 

1933 : D. Xeilin. — Cytochrome and intracellular respiratory enzymes. 
Erg. Enzymforschung 2:239. 

1937a: A. and M. Lwoff. — Studies on codehydrogenases. Proc. Roy. 
Soc. London B, 122:352. 

19376: A. and M. Lwoff. — Role physiologique de I’hemine pour Hemo- 
philus paTavyifLueTizae. Ann. Inst. Pasteur 59:129. 

1937 : K. Lohmann und Ph. Schuster. — Untersuchungen liber die Co- 
carboxylase. Biochem. Z. 294:188. 

1937 : F. Lipmann. — Die Dehydrierung der Brenztraubensaure. En- 
Z3nnologia 4:65. 

1937: H. Theorell. — Das gelbe Ferment: seine Chemie und seine 
Wirkungen. Erg. Enzymforschung 6:111- 

1938: F. Lipmann and G. Perlemann. — Hydrogenation of vitamin Bi 
and other quaternary thiazoles. J. Amer. Chem. Soc. 60:2574. 

1938: G. M. Hills. — Aneurin (vitamin Bi) and pyruvate metabolism 
by StaphylococciLS aureus. Biochem. J. 32:383. 

1938: H. Tauber, — The interrelation of ascorbic acid (vitamin C) with 
enzymes. Erg. Enzymforschung 7 :301. 

1939: R. R. Williams and T. D. Spies. — Vitamin Bi (Thiamin) and its 
use in medicine. New York, The Macmillan Company, p. 331-355. 

1939: M. Silvermak and C. H. Werkman. — Thiamin effects in bacterial 
metabolism. Iowa State College Journal of Science 13 :365. 

1939: W. H- SCHOPFER. — Vitamine and Wachstumsfaktoren bei den 
Mikroorganismen, mit besonderer Beriicksichtigung des Vitamins Bi. Erg. 
Biologie 16 ;1-172. 



Chapter XVIII 


197 — 


Functions of Vitamins 


1939: A. Szent-Gyorgyi. — Les oxydations biolog-iques au niveau cellu- 
laire. Exposes annuals de Biocliimie medicale, 2nd series, p. 1. 

1940: A. JuiSTG. — Die Funktionen der Vitamine das B-Komplexes im 
Org:anismus. Zeitsch. f. Vitaminforschungr, supplement no. 1, p. 1-114. 

1940: H. G. K. Westektbrink, D. A. van Dorr, M. Gruber and H. Veld- 
man. — Aneurinphosphates and yeast phospliatase. Enzymologia 9:73. 

1940: A. Szent-Gyorgyi. — Lectures on Oxydation, Fermentation, Vita- 
mins, Health and Diseases- 120 pp. 

1940: P. Bernheim and M. S. C. Bernheim. — Action of 4-amino-2- 
methylnaphthol on the oxidation of certain sulfyhydryl groups. J. Biol. 
Chem. 134:457-458. 

1941: J. P. Baumberger. — Proc. Am. Physiol. Soc. 1941:18. 

1943: G- H. Carroll. — The role of ascorbic acid in plant nutrition- Bot. 
Rev. 9 :41. 



Chapter XIX. 


THE CAPACITY FOR SYNTHESIS AND THE EFFECT 
OF ITS LOSS ON THE ORGANISM. 

The discussion in many of the preceding chapters has been 
guided by a single general idea, viz., that the need for vitamins is 
determined by a loss of capacity for synthesis. We have shown 
how the higher plant synthesizes its necessary vitamins and how 
it utilizes them. We have shown also how a partial heterotrophism 
may become established in the higher green plant. And hnally 
we have pointed out the fact that the vitamin requirements with 
few exceptions, are the same in microorganisms as in the higher 
animals. It is possible with each group of organisms to demon- 
strate experimentally that a loss of capacity for synthesis is respon- 
sible for the need for an exogenous supply of vitamins. The object 
of the present chapter is to analyze this loss of capacity for syn- 
thesis in the light of the general facts established in the preceding 
chapters. 

Conditioning and relativity of the capacity for synthesis. 
— The general assumption is that an organism's capacity for syn- 
thesis is very stable, and that during the course of a series of 
experiments this characteristic remains rather constant. This 
assumption is supported by the work of Lassen who cultured a 
strain of Saccharomyces cerevisiae for a year and a half on a 
thiamin-free synthetic medium during which time the organisms 
capacity for synthesis did not change. Another assumption is that 
when a loss of capacity for synthesis once appears in a species, this 
feature remains definitely constant. This is demonstrated by ex- 
periments with TJstilago violacea, a parasite of Melandrium album 
and M. rubrum, requiring thiamin or its two components (pyrimi- 
dine + thiazole) as growth factor or factors. S. Blumer (1940) 
made a careful study of this smut in which he investigated nine 
varieties differing morphologically and in their parasitic habitats. 
He found that all of his 215 single-cell cultures exhibited identical 
growth factor requirements. The loss in capacity for synthesis 
is therefore a matter of a genotypically determined character which 
involves the entire species and not just a strain. 

Despite the apparent constancy in this character, variations in 
the capacity to synthesize vitamins can be produced experimentally. 

Beadle and Tatum (1941, 1942), by X-raying cultures of 
Neurospora prior to meiosis, induced changes in the ability to 
synthesize vitamins. Among the mutants obtained in this way are : 
(1) one unable to synthesize pyridoxine, (2) one unable to make the 
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thiazole half of the thiamin molecule and (3) one un^^le to make 
39ara-aminobenzoic acid. Each of these differs frdm^ffee-Haorm^l 
by a single gene, and is distinguishable from the normal only by 
its inability to synthesize a certain vitamin. These facts are con- 
sistent with the assumption that each of the genes involved is con- 
cerned with the control of one and only one specific chemical re- 
action. Other mutants not yet investigated by these workers as 
regards inheritance are characterized by loss of ability to synthesize 
a growth factor (contained in yeast extract) different from any 
vitamin known to the authors, loss of ability to utilize fat as a 
carbon source, and in a number of other ways. 

The ideal organism for study is one in which the loss of 
capacity for synthesis is conditioned genotypically- The deletion 
or the suppression of the gene bearing this character for synthe- 
sis prevents a microorganism from growing on a medium lacking 
the necessary growth factor. And when growth and cell division 
are completely suppressed the organism dies. Sometimes the organ- 
ism is able to develop slightly during the first passage on the 
vitamin-free medium at the expense of growth factor reserves car- 
ried by the inoculum from the preceding culture, but by the time it 
has undergone one or two passages and has used up all its reserves 
it dies because the capacity for synthesis is completely lacking. 

In another case the situation may be different. For example, 
the red yeast Rhodotorula rubra is able to grow to a limited extent 
on a synthetic vitamin-free medium even when inoculated very 
lightly, i.e., the controls are not absolutely nil. After several pas- 
sages of the organism on a vitamin-free medium its reserves be- 
come exhausted but the organism still continues to produce a weak 
growth. Evidently the capacity for synthesis on the medium em- 
ployed has not been completely lost. A. LwoPP (personal com- 
munication) observes that during the course of numerous pas- 
sages (36 passages in the course of 14 months) of the Lister strain 
No. 4585, the growth of the culture improves progressively. After 
a year’s '^training”, cultures of this organism produce three or four 
times greater turbidity in the medium than that produced by the 
initial culture. This demonstrates that the capacity for synthesis, 
which was very weak, has increased. Similar observations on sev- 
eral organisms have been made in the author’s laboratory. 

A distinction must be made, at least theoretically, between a 
complete loss of capacity to synthesize a growth factor and a very 
marked reduction of this function. This is a difficult task, even 
after having performed a great number of experiments. We shall 
now consider the various possible cases. 

The augmentation of a limited capacity for synthesis {training) . 
— The case of Rhodotorula rubra as communicated by A, LwOFF 
has already been mentioned in this chapter. This organism, after 
a long period of 'Training” on a vitamin-free synthetic medium, 
develops better than at first. Other cases of this kind are known. 
Proprionihacterium pentosaeeum requires among various unidenti- 
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tied factors, thiamin but "‘learns'’ to do without it. In other words, 
the bacterium has “learned" again to synthesize this vitamin (Sil- 
verman and Werkman, 1939) . 

A similar case in connection with the amino acids is that of 
Staphylococcus aureus. This organism can be cultured on a syn- 
thetic medium providing a complex group of amino acids is sup- 
plied. As pointed out previously (see p. 146) the amino acids do 
not act as true growth factors according to our definition. The 
point which we want to make at this time is that this bacterium, 
after a period of adaptation (training) , no longer requires these 
amino acids as constituents of the medium (Gladstone, 1937),. 
because it has “learned" again to synthesize them from ammonium. 
The organism has become autotrophic in regard to this phase of 
its nutrition. 

Reappearance of the {apparently lost) ability to synthesize as 
a result of a quantitative variation in the mediu/YYi. — Pythium 
Butleri, under certain cultural conditions, requires pyrimidine (of 
thiamin) as an indispensable growth factor, but it can be “trained" 
to do without this factor by reducing the mineral salt content from 
16.4 to 1.64 grams per liter. The synthesis of this factor is inhib- 
ited by some unknown mechanism when the mineral salt content 
is too high. The possibility still exists that the fungus may be 
“trained" by a gradual adaptation to accomplish the synthesis of 
pyrimidine in the presence of a strong concentration of mineral 
salts (Robbins and Kavanagh, 1938). Riboflavin likewise is 
formed by Aspergillus niger only when the medium contains little 
or no magnesium (Lavollay and Laboray) . Rhodotorula Sanniei, 
studied by Fromageot and Tchang (1938), differs little from 
Rhodotorula rubra and likewise requires pyrimidine as a growth 
factor when cultured on a medium based on glucose. If this car- 
bon source is replaced by glycerine (purified by distillation) the 
former red yeast gro\vs normally and becomes pigmented in the 
absence of growth factors. The capacity for synthesis, which was 
apparently lost, has been reestablished. 

Such cases make it obvious that caution must be exercised in 
the interpretation of observations concerning the disappearance of 
the capacity for synthesis. The statement that an organism is 
heterotrophic is valid only for the cultural conditions given and 
only when these conditions are under careful physico-chemical con- 
trol. For a given organism the number of cultural conditions is 
enormous. Before it can be determined with certainty that hetero- 
trophism is complete and genetically controlled, it is necessary to 
exhaust all possible cultural conditions. 

A good set of rules to follow in dealing with this type of prob- 
lem is : for each apparently heterotrophic organism there exists 
probably one cultural condition in which the organism is auxo- 
autotrophic ; this condition must be found ; exhaustive investiga- 
tions must be made in which all possible cultural conditions are 
tested and in which careful consideration is given to all physico- 
chemical characteristics of the medium, to all quantitative and 
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qualitative variations in the ingredients of the mediuna, and also 
to various combinations of all these characteristics. 

Although the cases just mentioned involved microorganisms, 
the same rules hold equally well for the higher plants. 

This discussion leads us readily to a consideration of another 
biological problem, namely, race. A certain strain can be com- 
pletely heterotrophic for a certain vitamin whereas another strain 
is only partially heterotrophic or is entirely autotrophic. For 
example, the embryos of certain races of Pisum require more 
ascorbic acid than others, i,e., they differ in their capacity for 
synthesis. 

The cause of variations in the capacity for synthesis as a 
function of the medium- — It is difficult to discuss this subject since 
the chemistry of the biosynthesis of growth factors is poorly 
known. The requisites for the biosynthesis of a growth factor 
with a complex molecular structure are: (1) that the precursors 
be present or capable of being synthesized, and (2) that the enzyme 
systems required for these syntheses be present and active. An 
unfavorable medium may prevent the synthesis of the precursors, 
and also prevent the synthesis of enzymes or bring about their 
inactivation. Any changes in the medium which remove these in- 
hibitions and obstructions will help render the microorganism auto- 
trophic with respect to growth factors. 

If an organism requires the complete molecule of thiamin and 
cannot utilize the combination pyrimidine -1- thiazole, it is be- 
cause the enzyme necessary for the condensation of these com- 
ponents is absent or is unable to function. It may be possible to 
find a cultural condition which permits the enzyme to act, thus 
changing the organism from the type requiring thiamin to the 
type requiring pyrimidine -h thiazole. 

Analogy with the adaptive enzymes. — An analogy with the 
above mentioned enzyme category seems to exist ; the resemblance, 
however, may be superficial. An organism possesses certain en- 
zymes which remain constant and which are present irrespective 
of the cultural condition. The same organism, on the other hand, 
may possess other enzymes of the adaptive type formed by a more 
or less prolonged adaptation and originating only on a specific sub- 
strate under a definite set of cultural conditions. This phenomenon 
is well illustrated by the case of Bacterium aerogenes studied by 
Karstrom. This bacterium which lives in cream and possesses the 
enzymes necessary for the utilization of lactose and its hydrolytic 
products is normally incapable of fermenting xylose. If, however, 
ammonium sulphate and yeast water are added to the xylose, the 
bacteria become adapted to the medium and multiply in it. The 
enzymes necessary for the utilization of xylose have been formed 
by virtue of the nitrogen source present (see Karstrom, 1938). 
A similar observation has been made concerning Pact, coli by 
Stephenson and Stickland. They found this organism unable 
to grow in a solution of pure formate unless bouillon is added. The 
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latter permits the formation of a hydrolytic enzyme necessary for 
cell multiplication. Despite the fact that the origin of enzymes is 
still shrouded in obscurity, these cases in which enzymes are 
formed under the influence of the medium are comparable with 
situations in which the biosynthesis of growth factors is dependent 
on the medium. The latter probably controls the mechanism by 
which growth factors are produced. This possibility is strength- 
ened by the fact that the majority of the true growth factors are 
coenzymes or fragments of coenzymes. 

Among the so-called adaptive enzymes, Karstrom distinguishes 
several groups: (1) those which are adaptive in a general way, i.e., 
their formation is dependent on the general composition of the 
nutrient medium, (2) those which are typically adaptive {sensu 
stricto) , Le.j their formation is dependent on the presence of a 
specific substrate, (3) those which are not typically adaptive, which 
exist in small quantity, and whose formation is strongly augmented 
by the presence of a specific substrate. The first group of enzymes 
is undoubtedly analogous with those growth factors whose forma- 
tion is dependent on the general composition of the nutrient me- 
dium. An analogy also exists between the third group and certain 
growth factors whose normal synthesis is limited but is capable 
of considerable increase on a specific substrate. 

It is not yet possible to compare growth factors and enzymes in 
every respect. Once the mechanism of the biosynthesis of growth 
factors is better understood the validity of the analogy proposed 
here will appear in a different light. 

These ideas of the author were developed on the basis of the 
assumption that, when an auxo-heterotrophic organism is shown 
to become auxo-autotrophic following a change in the medium, it 
has regained its ability to synthesize the necessary factors. This 
raises the question of whether the organism, under the influence of 
a new set of cultural conditions, has not become adapted to doing 
without the growth factor which is no longer synthesized. This 
possibility should be foreseen and taken into consideration but it 
appears hardly probable. Nevertheless it has been established in 
the case of the chick that an adaptation to a lack of vitamin Bx 
may develop under certain conditions (Tanczos, 1939). The mech- 
anism of this adaptation is not known. 

It is easy, moreover, to find out by biological analysis whether 
the organism really contains the growth factor or is actually get- 
ting along without it. We are assuming that we are dealing with 
the usual growth factors required by living matter, present in the 
most diverse kinds of cells, and participating in the same func- 
tions irrespective of the kind of organism. This fundamental 
principle which forms the basis of our discussion in this book per- 
mits us to eliminate the hypothesis of a lack of usefulness of the 
factor which is no longer synthesized. 

The author wishes to emphasize the importance of basing 
experiments on the fact that a growth factor required by the organ- 
ism is one which can no longer be synthesized by it. This line of 
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reasoning, which is well established experimentally, is valid for 
several vitamins functioning as growth factors. Theoretically a 
vitamin which is ineffective when supplied to an organism is one 
which normally is present by virtue of synthesis. Thiamin is 
necessary for PhycoTnyces because it cannot be synthesized. Pyri~ 
doxine has no effect when supplied to this fungus because the 
thallus contains an abundance of this factor (Jung and SCHOPPER, 
1939). There are certain exceptions to this principle. For exam- 
ple vitamin E (alpha-tocopherol) has no action on PhycoTnyces but 
it is not present in the thallus as shown by the potentiometric analy- 
sis with gold chloride (Schopper and Blumer, 1939). 

This discussion of the variations in auxo-heterotrophism may 
be summarized by listing the various causes responsible for the 
inability of plants to synthesize vitamins : 

A. iTitemaJ conditions — synthesis normally lacking- or strongly inhibited on 

all media employed, i.e., the condition is inherent in the organism. 

B. eicternal conditions 

(1) conditions of the mediwnn 

(a) quantitative variations in the constitution of the medium 
{Pythium Butleri). 

(b) qualitative variations in the constitution of the medium 

{Rhodotorzda Sannieiy» 

(2) time factor 

The synthesis may be slowed up to such an extent as to suggest case 
A. Although this may actually be true, the external factors of the 
medium are usually responsible. It is sometimes difficult to dis- 
tinguish between the type induced by the medium and that con- 
ditioned by an internal factor. 

By applying the facts to a more general scheme we are able to 
interpret them theoretically according to the outline given below. 
In this reclassification of conditions influencing the synthesis of 
growth factors, we assume that the production of a vitamin factor 
is dependent upon one or several genes which act quantitatively. 
By a chain of chemical phenomena and reactions a gene leads to 
the formation of a few molecules of the indispensable vitamin fac- 
tor. The following possibilities exist. 

(1) The gene is absent and no synthesis of the growth factor 
is possible under any cultural conditions. This represents the ideal 
case of auxo-heterotrophism. When an organism is classifled in 
this category, it is necessarily assumed that it cannot be cultured 
in the absence of one or more vitamins. 

(2) The gene is inhibited in its action. 

(3) An inhibition occurs at some point in the chain of re- 
actions leading to the formation of the vitamin factor. If the in- 
hibition is not complete, a small quantity of growth factor may 
be formed. This inhibition may be dependent on the medium (ex- 
ternal factor) in which case a modification of the medium permits 
the organism to synthesize its necessary growth factors. If this 
inhibition is complete, it leads to practically the same result as in 
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case 1 in which the gene is entirely absent. To distinguish between 
cases (1) and (3) is very difficult and is possible only after pro- 
longed, experimentation. 

This discussion remains purely theoretical because no consid- 
eration was given to the phenomena of replacement according to 
which a factor that is suboptimal or absent can be replaced by a 
supraoptimal quantity of another factor. Practically nothing is 
known concerning the mechanism of these phenomena. 

The classification of organisms with respect to thiamin pro- 
posed by Fries (1938) coincides perfectly with that of the author. 
Fries recognizes four groups: (1) organisms not requiring an 
external supply of thiamin, Aspergillus niger. This fungus belongs 
to the author's auxo-autotrophic group. (2) Organisms dependent 
on an exogenous source for part of their thiamin requirements, 
e.g., Sclerotinia cinerea, Periicillvu/m glaucum, etc. In these organ- 
isms the synthesis is diminished 'due to an unknown reason. Organ- 
isms of this t 3 ^e are able to produce a sparse growth on a vitamin- 
free medium but they are favored by the addition of thiamin. The 
time factor enters and retards synthesis. Such retarded syntheses 
have actually been observed by Knight in Staphylococcus. (3) 
Organisms under some conditions partially, under other conditions 
wholly dependent on thiamin, the synthesis of this factor being 
conditioned by external or internal factors. (4) Organisms com- 
pletely heterotrophic in respect to thiamin, Le., the capacity for 
synthesizing this factor has been entirely lost, e.g., Phycomyces 
Blakesleeanus, Polyporus adustus. 

Auxo-heterotrophism and heterotrophism in general. Polyphy- 
letic nature of auxo-heterotrophism. — All the evidence indi- 
cates that heterotrophism for growth factors is independent of 
heterotrophism for carbohydrates. The need for a certain growth 
factor may appear in organisms which are only in part hetero- 
trophic for carbohydrates. Conversely, organisms in which hetero- 
trophism for carbohydrates is more pronounced are often self- 
sufficient with respect to vitamins. Furthermore there are cases 
in which one species of saprophytic microorganism is entirely de- 
pendent upon thiamin as a growth factor whereas another related 
species, whose metabolism and nutritive requirements are very 
similar, is able to synthesize all of its necessary thiamin. For ex- 
ample, in the Mucoraceae, Phycomyces Blakesleeanus requires thia- 
min or its components pyrimidine and thiazole, whereas Mucor 
mucedo is able to dispense entirely with this factor. 

On the other hand, heterotrophism for a certain factor, thiamin 
for example, appears to be entirely independent of the systematic 
position of the species and of phylogeny. At various phylogenetic 
levels diverse organisms, both animal and plant, can be found which 
require this factor. The bacteria, protozoans, phy corny cetes, asco- 
mycetes, basidiomycetes and seed plants have representatives which 
are dependent on exogenous sources of thiamin. In other words, 
the loss of capacity for synthesis and the needs which arise there- 
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from are identical in organisms which are widely separated syste- 
matically. It is therefore permissible to say that the origin of 
auxo-heterotrophism is polyphyletic. At all levels in the plant 
and animal kingdoms, the requirements of living material are 
identical and the losses in capacity for synthesis are similar. 

Complexity of auxo-heterotrophism. Multiplicity of essen- 
tial fact/>rs. — Certain organisms seem to be able to grow on a 
synthetic medium when only one growth factor is added, the growth 
obtained being equal to that obtained on the most favorable natural 
medium. PhycoTnyces seems to be of this type, with thiamin the 
only factor required. B, proteus likewise requires only one factor 
— ^nicotinic acid. Experiments with Phy corny ces (see p. 106) show 
that other substances are necessary. They probably are not true 
growth factors (according to our definition), nevertheless they are 
indispensable. 

Most auxo-heterotrophic organisms require several factors act- 
ing in unison and constituting what we might call a constellation. 
During the course of our discussion we have encountered all types 
of cases from the simplest one, in which (apparently) only one 
factor is involved, to the most complex in vrhich a complex con- 
stellation is required as in the case of yeast and lactic bacteria. A 
general observation is that the more thorough the study of the 
organism in question is, the greater appears to be the complexity of 
the constellation of essential factors. By comparing the grovd:h 
factor requirements of several organisms it is possible to establish 
a general rule concerning the extent to which losses of capacity 
for synthesis have occurred. 

Thiamin seems to be required more frequently than any of the 
other growth factors. This is due to the fact that this vitamin has 
been studied more extensively than the others. None of the latter 
has been studied sufficiently (with enough organisms) to permit 
any definite conclusions concerning the relative importance of the 
various factors. It is actually impossible to say with certainty 
that one factor is required more often than others. 

Certain factors occupy a special position in our scheme of 
classification. For example, pimelic acid is required only by Cory- 
nebacterium diphtheriae; hemin is needed only by certain hemo- 
philic organisms, as far as is known at present ; riboflavin is re- 
quired chiefly by certain lactic bacteria ; cholesterol, which is prob- 
ably not a true growth factor, is required only by certain flagellates. 
The other factors, thiamin, pyridoxine, nicotinic acid, and the 
other bios substances are frequently required in various combina- 
tions by widely different organisms. 

The following table gives some typical examples of the growth 
factor requirements of a number of organisms. At present, 17 
chemically identified growth factors can be considered. Several of 
the organisms listed require additional factors which remain to 
be identified. 
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Table XVI- Action of 17 chemically known growth factors on various 
microorganisms {modified from Schopfer, 1939) 



Pyrimidine 

Thiaaole 

Thiamin 

Inositol (Bios I) 

Biotin (Biosllb) 

J 

S 

A 

1 

Pantothenic acid 

Riboflavin 

Nicotinic acid 

Cozymase 

Adenine 

Uracil 

Pyridoxine (vitaminB ) 

0 

Hemin 

Pimelic acid 

Ascorbic acid 

1 

o 

Rfiodotorula rubra (l) 

X 

— 
















Mucor RamanniiLnus (p) 


X 
















Phyoomyces Blakesleeauzis (p) 

X 

X 
















Phtftonhthora cinnavriOTni (o) 



X 















Melanoonium bet%Uiwuvn (a) 



X 

X 

X 













Trichophyton interdisritaZo (i) 



X 

X 



X 

X 










B. prot&us (b) 









X 









Lactic bacteria (b) * 



X 


X 


X 


X 

X 

X 


X 





Staphylococcus aureus (b)** 

X 

X 



X 

t 



X 



X 






Corynehacterium diphtheriae (B) 









(X) 






(X) 



Sacoharomyces cerevisiae (a) 



X 

X 

X 

X 

X 






X 





Hemophilus oanis (B) 














X 




Hemophilus %>aravn.fluenzaei'B) 






i 




X 








Hemophilus infljuenzae (b) 










X 




X 




Striffomonaa oncopelti (p) 



X 















Strigomonas fasciculata (f) 



X 










i 

X 




SchyzotT-ypanum cruzi (f) 














X 


X 


Trichomonas foetus (f) 



j 


i 





1 

1 ' 

ri 




X 

~x~ 


I — Fungi Imperfect!; P — Phycomycete; O — Oomycete; A — Asco- 
inycete; B — Bacteria; F — Flagellate. The parentheses in the columns 
under nicotinic acid and pimelic acid signify that the factor is not absolutely 
necessary and that it functions as a co-factor of growth. 

^Lactic bacteria = Bacterium acetylcholini. 

* ’’'Uracil is the only growth factor required by Staphylococcus aureus 
under anaerobic conditions. 

This table indicates neither the relative activity of the factors 
nor the differences in the requirements of the various strains in 
each species. The requirements given for certain species are those 
of the average strain. It must be remembered, however, that vari- 
ous strains differ in their requirements; this is true particularly 
of the lactic bacteria. 

It is impossible to establish groups which are clearly separated 
because they overlap. However, it is possible to distinguish four 
groups : one group requiring the simple bios substances - thiamin, 
inositol, ;Q-alanine (group I in the table) ; another group with a 
complex constellation requiring at least one of the simple bios sub- 
stances plus one or more of the following : Pyridoxine, pantothenic 
acid, and nicotinic acid (group IV in the table) . CorynehacteriuTn 
diphtheriae which requires pimelic acid, stands somewhat apart, 
although it is linked through yG-alanine with the group requiring 
bios substances. Still another group requires hemin with or 
without other factors (group II in the table) . The last group 
(group III in the table) requires cholesterol. It can be seen that 
there is overlapping between groups I and II because of the fact 
that StrigomoncLS oncopelti requires only thiamin and is able to 
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synthesize hemin. Overlapping* also occurs between group II 
(with hemin) and group III (with cholesterol) since there are 
organisms in both groups requiring ascorbic acid. (Fig. 15). 



Fig. 15. — Relationships among- the principal constellations of growth factors by 

C6rt€Liti types of niicroorsfa-nisiiis (the encircled letters indicate organisms listed in table Xvl; 
a=jKJ^€iot07^Ia. rubrOf, lD==M’wcor Ra^maTtniaTius^ etc* 


The names in this figure have the following American equivalents: 
Hematin = hemin 
Aneurin = thiamin 
Pant ac = pantothenic acid 
Adermin = pyridoxine 
Lactofiavin = riboflavin 
Adenin = adenine 

A more logical scheme of classification would be one based on 
the functions of the growth factors and on their relationships with 
enzyme systems. On this basis we might establish three groups : 

(1) a group concerned with cocarboxylase (requiring thiamin) ; 

(2) a group concerned with codehydrogenases (requiring cozymase 
and nicotinic acid) ; and (3) a group concerned with cytochrome 

(requiring hemin) . These groups likewise overlap because mem- 
bers of different groups may require other factors whose functions 
are still unknown and because of organisms belonging to two 
groups, e.g., requiring both thiamin and nicotinic acid - B, acetyl- 
cholini (see Fig. 15 representing graphically the table on p. 206) . 

Subordination of the factors of a constellation. Co-factors. 
— When a constellation of factors is required, as a rule the fac- 
tors do not act with equal intensity. Furthermore the activity of 
each factor may vary as shown in the following cases: (1) The 
factors when used individually have practically no effect ; they act 
only when used in combination. The mechanism of this phenom- 
enon of synergism escapes us completely. (2) On the other hand, 
a factor when used alone may have a marked effect but its action is 
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increased by the presence of other factors. In the latter case we 
may speak of a subordination of factors, the principal factor being 
the one which acts when alone. This case also involves the cri- 
terion, ‘‘intensity of action". The principal factor is active even 
in very weak dosage. The other factors with lesser activity can be 
considered as co-factors. For example, the principal factor for 
the growth of yeast is unquestionably biotin because of its intensity 
of action ; inositol is a co-factor and acts in higher dosage (this is 
true of the races studied). In the case of Staphylococcus aureus, 
biotin, which accelerates the effect of the combination thiamin 4- 
nicotinic acid by 600 per cent, is the principal factor whereas nico- 
tinic acid, which is required in higher dosage, can be considered as 
a co-factor. In the case of Corynehacterium diphtheriae, beta- 
alanine is the essential factor because of its action in weak dosage ; 
nicotinic acid and particularly pimelic acid are co-factors. 

A factor may be the essential and the principal member of one 
constellation and secondary in another. This is not true of biotin, 
since it seems to be the essential factor in all constellations studied 
in which it is a member. 

An accurate view of these phenomena will be possible only 
when complete information is available concerning the functions 
of each factor in each organism studied. Unfortunately this is 
not the case at present. 

Replacement of factors. — When a more or less complex group 
of factors is required by an organism, it is sometimes found 
that reciprocal quantitative variations of two factors lead to the 
same amount of growth. This phenomenon is exemplified by 
Staphylococcus aureus which requires biotin, thiamin (or pyri- 
midine 4- thiazole) and nicotinic acid. The same effect is ob- 
tained with 5y thiamin 4- 5y nicotinic acid as with 0.05y thiamin 
4- 0.05y nicotinic acid 4- 0.05y biotin. In both cases the increase 
in growth is 670 per cent (KbOL and v. Wagtendonk, 1938). 
This behavior has two possible explanations ; either the presence 
of a small quantity of biotin permits the synthesis of thiamin and 
nicotinic acid, or, conversely, the presence of a supraoptimal dosage 
of thiamin and nicotinic acid renders biotin superfluous or capable 
of being synthesized. By supplying a trace of biotin (suboptimal) 
it is possible to effect a saving of thiamin. 

The same phenomenon is exhibited by Ustilago violacea and U. 
scabiosae. These fungi require pyrimidine and thiazole and grow 
very satisfactorily when supplied with an equimolar and optimal 
dosage of these factors, but they grow equally well when given 
suboptimal doses of pyrimidine and supraoptimal ones of thiazole, 
or vice versa. If we assume that the molecule of thiamin must be 
synthesized from pyrimidine and thiazole, it is necessary to assume 
that, directly or indirectly, the supraoptimal dose of pyrimidine 
favors the synthesis of thiazole which is deficient, or vice versa. 
It is even conceivable that there is a true replacement of one of the 
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components by the other or a formation of the one at the expense 
of the other (Blumer and Schopfer, 1940). Similar phenomena 
of replacement are found with Trichophyton inter dig it ale which 
requires thiamin, pantothenic acid, inositol and riboflavin. In this 
case, however, thp replacements are not so easily observed 
(Mosher, Saunders, Kingery and Williams, 1936). Another 
case in which a replacement is also possible is represented by yeast. 

These phenomena of replacement are still poorly understood. 
They may be interpreted in various ways. One possible explana- 
tion is that the function carried out by the lacking^ factor has be- 
come superfluous or that this function can be accomplished by 
another factor. Another possibility is that of a transformation of 
the excess of the one factor into the other factor which is deficient. 
In the case of Staphylococcus aureus, either the excess thiamin 
performs the same function as the biotin would, if present, or a 
certain quantity of thiamin is transformed into biotin. It is im- 
possible to formulate an opinion when no information is available 
concerning^ the chemical relationships existing between factors such 
as biotin and thiamin. We have already pointed out that the two 
factors are probably formed from the same precursor, but this has 
not been demonstrated experimentally (Schopfer, 1935; Grewe, 
1937). 

The possibility of a substitution of functions is not precluded. 
This is better appreciated when we consider the manner in which 
growth factors act. They function as coenzymes, and when one 
of these is absent, an enzymatic reaction is blocked. It is not 
impossible that when one course is closed, another opens by virtue 
of a related factor, and the reaction proceeds. These are merely 
speculations. This problem remains to be worked out experi- 
mentally. 

The question of replacement of factors touches on that of 
specificity. This phenomenon of replacement operates in such a 
manner that it counteracts specificity. We have already pointed 
out that when compounds normally lacking vitamin activity are 
employed in concentrations far exceeding the optimum, the speci- 
ficity of the vitamin action is decreased. From this we concluded 
that there occurs either a transformation of a normally inactive 
constituent into the specifically active substance, or a replacement 
of function. When the normally inactive substance is very closely 
related chemically to the active one, it can be assumed that a trans- 
formation from the former to the latter occurs. We have shown 
this to be the case with thiamin and its substitution products. 
When the structure of the normally inactive substance is very 
different (heterovitamins, for example) the explanation becomes 
difficult. A similar difficulty is encountered in the hormone field 
where substances which are very different chemically, such as auxin 
and het'eroauxin, carry on the same functions. 

A case of replacement involving excessive dosages was demon- 
strated by Robbins (1940) in his work on Phycomyces. This 
fungus requires pyrimidine and thiazole, and when supplied with 
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0.5y of each component attains the same development as that 
reached with ly of thiamin. When lOy of pyrimidine and 
lOOOy of beta-alanine are employed the same development is ob- 
tained as with ly of thiamin, the beta-alanine apparently replacing 
thiazole* (Robbins, 1940). 

The author observed another case of replacement in Ustilago 
'ymZacea which requires thiamin (or pyrimidine 4- thiazole) . The 
maximal growth is attained under a given set of conditions, with 
0.0 ly of thiamin but the same development is obtained with 40y 
of a hetero vitamin, 2-methyl-S-a-hydroxyethyl-N-[2-‘methyl-4-am- 
ino-pyrimidyl“(5) ) -methyl] -pyridine (bromide) . In this case thia- 
zole is replaced by a 'pyridine (Schopper, unpublished). Although 
we have not investigated Phyco'myces concerning its response to 
these compounds, it is possible that this fungus might be able to 
transform beta-alanine (in supraoptimal dosage) into thiazole and 
also to transform the heterovitamin just mentioned into the active 
vitamin. Furthermore, the analogies existing between the thiazole 
group and the pyridine group are known (Hantzsch, Ochiai and 
Nagasawa) . In the two cases just described the replacement must 
be a transformation made possible by the large dosages employed. 

In brief, replacement may be due to: 

(1) A substitution of function. This is a theoretical case not actually dem- 
onstrated, but for which analogies in enzymology are found {e.g.y res- 
piratory enzymes). 

(2) a transformation of an inactive factor into another active factor. This 
case has been demonstrated experimentally (Schopfer). A prerequisite 
is that the inactive substance to be transformed be present in large 
dosage. This transformation is dependent on conditions of the medium 
(among other things the presence of mineral catalyzers) and is effected 
by enzymes. 

Replacement can occur between: 

(1) factors which differ greatly. This type is difficult to explain. 

(2) a specifically active factor and its products of substitution, t.e., homo- 
logues or analogues. This type can be demonstrated experimentally. 
Since this case is possible and explainable, the same can be assumed for 
case 1 ) . The substitution of beta-alanine in place of thiazole for 
Phycomyces is of the same nature as that of thiamin in place of biotin. 

It may be possible in both cases, but especially in the first, that 
one of the factors is the natural precursor of the other and that the 
two substances are related despite the dissimilarity in chemical structure. 

Gradient leading to heterotrophism. — The steps leading to 
an ever increasing degree of heterotrophism can be observed by 
considering the various organisms belonging to the group requir- 
ing one or more bios substances. For example, Phycomyces re- 
quires thiamin; Nematospora Gossypii must have inositol, thiamin 
and biotin, while Saccharomyces cerevisiae needs inositol, biotin, 
thiamin, pantothenic acid and other factors. We recognize the fact 
that the losses of capacity for synthesis did not appear simultane- 

*The root of the tomato is able to utilize a thiazole having, in position 5, 
a beta-alanine group in place of the beta-hydroxyethyl. 
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ously, but successively. The losses of capacity for synthesis, more- 
over, are dependent on the medium and external factors. 

This stepwise progression toward heterotrophism can be shown 
still more clearly by limiting our description to a single substance 
such as thiamin. Accordingly the following stages may be recog- 
nized: loss of capacity to synthesize pyrimidine, thiazole or its 
components, both pyrimidine and thiazole, and finally the loss of 
the ability to condense pyrimidine and thiazole into a molecule of 
thiamin. The gradient leading to heterotrophism becomes even 
clearer when we consider the intermediate cases involving the 
partial loss of the capacity to synthesize thiazole (Parasitella sim- 
plex) , thereby conditioning the utilization of pyrimidine (see p. 
115). This partial loss of synthesis, bearing on the same sub- 
stances in widely differing groups of plants, is a general charac- 
teristic of all living matter. It is possible to speak of a strictly 
physiological evolution leading to degeneration and heterotrophism 
(c/. chap. II) which can be followed in cells and which occurs in all 
the groups of organisms (see LwoFP, 1936; Knight; Fildes). 

Irreversibility of the loss of capacity for synthesis. — A re- 
turn toward auxo-autotrophism appears to occur when the capac- 
ity for synthesis has not been completely lost, but has simply been 
much reduced (Rhodotorula rubra and pyrimidine, see p. 199). 
In cases where organisms appear able to reestablish their ability 
to synthesize a vitamin, is not a question of an actual reversibility 
but simply of a quantitative variation in capacity for synthesis. It 
is possible to conceive of all degrees of variation extending from 
the normal capacity for synthesis to one much reduced but still 
genetically present. In these cases the medium has a strong influ- 
ence on the capacity for synthesis. If the capacity for synthesis 
is genetically lost (see p. 214), there can be no recovery of the 
lost faculty. 

On the other hand, it is possible to observe, under certain 
experimental conditions, a progression toward auxo-heterotroph- 
ism, expressed by the appearance of new needs. For example, 
Ustilago violacea possesses the ability to condense pyrimidine and 
thiazole into a molecule of thiamin. However, during the course of 
our experiments we have found strains which no longer have this 
capacity in full and, as a result, their growth with pyrimidine + 
thiazole is less than that with thiamin. During the course of pro- 
longed experiments, it has been possible to assist in the progressive 
loss of this capacity with Ustilago violacea (Blumer) , Ustilago 
scabiosae (the strain employed) normally possesses a low capacity 
for this condensation (Schopfer and Blumer). 

The progressive losses of capacity for synthesis by a sort of 
orthogenesis, bring about new needs. These render the organism 
more and more dependent — ^heterotrophic. This irreversibility in 
the evolution of the capacity for synthesis corresponds to that 
known for evolution in general. 
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The phenomena involved in the origin of heterotrophism have 
thus been reduced to hypotheses. In cases where the capacity for 
synthesis have been genetically lost, a physiological mutation may 
be envisaged. These may originate under the influence of the 
medium. Similar cases are known in microbiology. For example, 
Bacillus anthracis, cultivated on dichromate bouillon, occasionally 
loses the ability to produce spores. This loss of function becomes 
noticeable during the course of several years. Another case is 
that of the pyocyanic bacillus {Bacillus 'pyocyaneus ) , race A, which 
loses the ability to produce a green fluorescent pigment when it 
has been cultivated for one year on liquid albumin. This new 
race (1981) had been stabilized by 39 years of culture previous 
to this experimentally induced alteration {see Lwoff, 1932). The 
loss of capacity to synthesize a pigment such as pyocyanin, which 
participates in oxidation-reduction, strangely resembles the loss 
of capacity to synthesize a vitamin growth factor. 

These observations concerning the influence of the medium on 
the capacity for synthesis and concerning the dependence of the 
latter on external conditions have forced us to conclude that this 
genetic mutation is induced by a chemical agent in the medium. 
To strengthen this conviction we have a similar case for the higher 
plants in which grafting can modify, by chemical means, the genes 
of the stock (chimeras) . 

This concept is in accord with all known relationships between 
genes and hormones. 

Mechanism of the loss of capacity for synthesis. — Informa- 
tion on this subject is so meagre that it is difficult to arrive 
at any definite conclusions. It is probable that the synthesis of a 
growth factor is dependent on the action of specific enzymes. For 
example concerning thiamin, we speak of: (1) a thiaminase 
(aneurinase) which brings about the condensation of pyrimidine 
and thiazole (Schopfer, Bonner and Buchman), and (2) thia- 
zolase which permits the condensation of thioformamide and aceto- 
propyl alcohol into a molecule of thiazole (Bonner and Buchman) . 
There must also exist an enzyme which hydrolyzes thiamin to 
pyrimidine and thiazole (perhaps a reversible action of thiamin- 
ase). The existence of this enzyme is necessary for the explana- 
tion of the absorption of thiamin by organisms which require only 
half of the molecule. Such an enzyme must also be required for 
the utilization of analogues of thiamin in which only a portion of 
the molecule is active. 

The author recognizes the existence of an enzyme carotinase, 
producing a hydrolytic splitting of beta-carotene into two mole- 
cules of vitamin A. 

The internal or external factors which affect the capacity to 
synthesize a growth factor of vitamin nature must therefore act 
on these specific enzymes. Hence, if an enzyme such as carotinase 
or thiaminase is absent, the corresponding vitamin action canjnot 
become manifest. 
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All experimental results indicate that we are dealing- with a 
category of fundamental enzymes which control the formation of 
vitamin factors functioning as coenzymes. These enzymes occupy 
a central position in this problem. Very probably they are imme- 
diately dependent upon genes; hence this type of enzyme acts as 
an intermediary between the gene and the growth factor. The 
chain of processes connecting the gene with the grovi:h factor and 
the subsequent action on metabolism is necessarily very complex. 
Only a few such chains ax'e known. 

The inhibition of the gene of which we have spoken (p. 203) 
may well be, in the final analysis, an inhibition of one of these 
fundamental enzymes upon which the production of the grovi:h 
factor depends. 

We shall limit our discussion on the loss of synthesis to the well 
known vitamin thiamin whose function as a codehydrogenase and 
as cocarboxylase has been mentioned in chapter XVIII and whose 
biosynthesis has, for the most part, been elucidated. 

A general principle which the author proposes is that all the 
constituents (precursors) of thiamin are dependent on genes which 
condition their formation. This mechanism may be illustrated 
as follows: 


Genes — > fundamental enzymes 


thiazole 
/ ( 1 ) \ 

P3n:imidine ^ 


thiamin 

( 2 ) 




cocarboxylase 


codehydrogenase 


(acting on simple substrates 
containing the ingredients 
necessary for the formation 
of vitamin factors) 


These coenzymes act in 
the presence of suit- 
able apoenzymes and 
specific substrates. 


When an organism is unable to exhibit cocarboxylase and co- 
dehydrogenase activity we may conclude that the organism requires 
thiamin as a growth factor. We may even trace the cause for this 
avitaminosis to its actual source. According to the highly schem- 
atic chain of reactions shown above the following possibilities may 
very likely exist: (1) inhibition of the gene, (2) inhibition of the 
fundamental enzymes, (3) absence of the substrate necessary for 
the action of these enzymes, (4) inhibition of the action of the 
cocarboxylase or the codehydrogenase, or (5) an inhibition of the 
relationships of these two substances with other enzyme systems. 
This interpretation is justified by the existence of intermediate 
types of heterotrophism in which the ability to synthesize a certain 
vitamin is only partially lost. 

To determine the exact reasons why an organism has become 
heterotrophic for thiamin is an extremely difficult problem. One 
of the main reasons is that the action of the fundamental enzymes 
is lacking. This is the step on which our attention must be focused. 

If the loss of genes or their inhibition is immediate and com- 
plete, we might speak of it as a physiological mutation; if the 


(1) tbiazolase 


(2) thiaminase 
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medium is responsible for a definitive irreversible inhibition, we 
mi^ht call it an induced mutation ; if the medium bring-s about a 
temporary inhibition we might refer to it as a reversible “modi- 
fication”. 

This discussion remains theoretical and speculative. Experi- 
mental work in this domain has only recently commenced. This type 
of research would be of interest to the general problem of evolution 
because it may demonstrate the fundamental chemical mechanism 
of the origin of physiological mutations, and of mutations in 
general. 

The irreversibility of the loss of capacity for synthesis is in 
complete accord with the law of irreversibility as applied to evo- 
lution (Dollo) . 
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VITAMINS IN RELATION TO OTHER 
ACTIVE SUBSTANCES. 

In accordance with purely arbitrary convention, we have studied 
vitamins and their action as if they existed alone, assuming that 
all other active factors were present. But we know perfectly well 
that vitamins exercise their effect only in conjunction with numer- 
ous other active substances of hormonal nature. Since a study of 
the latter is beyond the scope of this book, we shall merely enu- 
merate them. 

If we consider the phenomena which contribute to the forma- 
tion of a fully developed plant we find the following schematic 
arrangement: (1) assimilation, resulting in an increase in the 
amount of living matter; (2) cell divisions correlated with the 
increase in living matter and contributing to the distribution of the 
latter; (3) development and differentiation of tissues; (4) forma- 
tion of organs; (5) movements and curvatures whose biological 
significance is obvious. Growth results from a combination of 
these processes which in turn are interdependent. 

In an even more schematic manner it is possible to distin- 
guish the fundamental phenomenon of assimilation from that of 
growth and differentiation. 

The more complicated the organism becomes morphologically, 
the more complex will be the chemical conditioning of these 
phenomena. 

We have attempted to distinguish vitamins from hormones 
without considering whether the mode of formation of the active 
substance is endogenous or exogenous. Vitamins are concerned 
with assimilation, whereas hormones have a specific effect on 
morphology. This distinction is justified from what has been said 
concerning vitamins. Because of their role as coenzymes or as 
fragments of coenzymes, the vitamins are the typical catalyzers 
of assimilation. 

The other phenomena, cell division, cell elongation and growth, 
and the formation and differentiation of organs depend on specific 
hormones, of which auxin is a typical example. Hormones are 
the instruments of differentiation and morphogenesis. 

Hormones of cell division. — At the time of the early in- 
vestigations on biotin, this substance was considered as a hor- 
mone of cell division because its action caused an increase in the 
number of cells. This concept had to be abandoned ; instead bio- 
tin must be considered as a substance of vitamin nature concerned 
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with assimilation ; this is undoubtedly its function despite the fact 
that the proof is still lacking and the chemical mechanism of its 
action is unknown. 

The typical hormone of cell division is the necrohormone (wound 
hormone) which participates in the restitution of an injured 
tissue. This was described in the classical investigations of Haber- 
LANDT as the substance producing meristems on the surface of 
unwashed sections of a potato tuber. The same substance was 
obtained in a chemically pure crystalline form by English, Bon- 
ner and Haagen Smit (1939) from fruits of Phaseolus vulgaris 
and called traumatin. It is known chemically as l-decene-1,10- 
dicarboxylic acid, has the empirical formula C 12 H 20 O 4 , and has 
been synthesized. It is capable, even in very small dosage, of 
initiating cell division in the parenchymatous mesocarp lining the 
seed chambers of fruits of Phaseolus vulgaris. Glutamic acid plays 
the role of a co-factor and enhances the activity of the hormone 
almost ten times. The crystalline factor at a concentration of 10 
mg. per liter, and in the presence of 0.25 per cent glutamic acid, 
exhibits an effect which can be detected. A drop, 0.01 cc. in size, 
contains O.ly and acts effectively. 

Traumatin is apparently the same as the necrohormone of 
Haberlandt since it causes the formation of a periderm on the 
washed surface of a disc of potato tuber. It is also capable of 
partially replacing tomato juice in its inhibiting action on the 
germination of tomato seeds. Thus this substance acts primarily 
and specifically on cell division but its action may be of a more 
general nature. 

An effect on cell division can be obtained by means of other 
substances, e.g., heteroauxin exercises such an effect on cambial 
meristems. The action of the heteroauxin is of an indirect nature, 
probably accelerating the production of the cell division hormone. 
Thiamin likewise (Addicott) tends to accelerate cell divisions in 
meristems of roots. Such non-specific indirect actions can be 
observed with several other substances. However, nothing is 
known concerning the relationships between the substances of cell 
division and the vitamins present in all cells. 

Hormones of cell elongation; hormones of root formation. 

— The hormones concerned in these processes are of the auxin 
and heteroauxin type. These substances will be treated briefly 
here since they are discussed in detail in the monographs of F. W. 
Went and Thimann (1937), and of BoYSEN-jENSEf^ (19365), 
translated by Avery and Burkholder (1936). 

These hormones are present not only in the higher plants but 
also in microorganisms, for example, Aspergillus niger (Boysen- 
Jensen, Bunning, and other authors). Heteroauxin is present in 
yeast (Kogl and Kosterman) ; it corresponds to the rhizopin of 
Nielsen, an ether-soluble substance contained in the culture me- 
dium of Rhizopus suinus. The hormone found in microorganisms 
is not auxin, but instead heteroauxin. They are able to synthesize 
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it from a medium based on tryptophane which plays the role of 
precursor of heteroauxin and which is chemically related to it. 
Heteroauxin can also be formed in the presence of other amino 
acids, asparagine or KNO 3 by Aerohacter aerogenes and Escherichia 
call (Burkholder). One of the most interesting organisms in 
this connection is Rhizobium which is also an active producer of 
heteroauxin (Thimann), thereby explaining the hypertrophying 
morphogenic effect of these bacteria and of their extracts on the 
roots of legumes. All of these microorganisms produce one or 
several substances of the hormone type, acting on the coleoptile 
of Avena. On the other hand, we are entirely uninformed con- 
cerning their possible action on the microorganisms producing 
them. Despite an extensive literature on this subject the results 
are, with few exceptions, unconvincing and indecisive,* although 
these hormones sometimes act as stimulants, they do not appear 
to be indispensable to the life of the organism. 

Kogl and Tonnis, working with Saccharomyces cerevisiae 
found heteroauxin inactive, but their observations do not agree 
with those of other authors. B. coli is strongly stimulated by this 
hormone, the optimal dosage being 10 -^ to 10-® percent. The growth 
of B. auxinophilwm is likewise favored by heteroauxin (Tincker 
and Jacob) but it is not known whether the action is of a hormonal 
nature or simply nutritive. Certain of the fungi respond strongly 
to heteroauxin. For example, the growth of Aspergillus uiger and 
Rhizopus swinus is accelerated by this hormone (Thimaktn and 
Dolk). Furthermore the formation of conidia of Aspergillus 
niger (Bunning) and the formation of sporangia of Rhizopus 
swinus are favored by this substance (Thimann and Dolk) . The 
most interesting observations are those of Kerl concerning the 
ascomycete Pyronema confiuens. He found that the growth of 
the mycelium and the formation of apothecia is accelerated by 
biotin and thiamin and also by auxin, but that the greatest effect 
is produced by heteroauxin. He observed that the latter, in a 
dosage of 200AE, increases the formation of perithecia 4037 per- 
cent. In this relatively complex organism we recognize two ac- 
tions : ( 1 ) on assimilation, by thiamin and biotin, and ( 2 ) on the 
formation of apothecia; the latter action is of formative nature 
and simulates the action of this hormone on the higher plants. 

It has been suggested that heteroauxin probably acts as a 
primary excitant of respiration in Aspergillus niger, the energy 
produced accelerating the assimilation of nitrates (Bonner) . 

The conclusion reached is a priori, that heteroauxin, since it 
is produced by the metabolism of numerous lower organisms, very 
probably exerts an effect on the organisms themselves. The con- 
flicting observations concerning the activity of this hormone may 
be due to the fact that the organisms studied differ in their ability 
to synthesize it. 

Heteroauxin has been found to exert a favorable action on the 
development of unicellular green algae: Chlorella (Yin, Pratt, 
Brannon) and Oocystis (Brannon). 
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The fundamental action of auxin in the higrher plants is exerted 
on the elasticity of the cell wall and consequently upon the growth 
of the shoot and the root. Auxin plays a part in correlations and, 
along with other factors, induces root formation and is also respon- 
sible for the inhibition of lateral buds on the shoot. The effect of 
auxin and heteroauxin on root formation on cuttings is sometimes 
augmented by factors concerned with assimilation such as biotin 
and thiamin. As a root inducing substance, heteroauxin is not 
very active and must be employed in relatively high dosage. 

The role played by heteroauxin in the formation of organs is 
manifested in phytopathology by the formation of galls. The 
hormone supplied artificially is able to replace the effect of a micro- 
organism such as PseudoTnonas tumefaciens which must be re- 
garded as a producer of hormones (Brown and Gardner; Link; 
Wilcox and Link) . 

Because of their action on the elasticity of the cell membrane, 
the hormones of the auxin type take part in tropistic curvatures. 
Certain movements, such as those of Mimosa, are controlled by 
another specific substance (Umrath and Soltys) which has like- 
wise been isolated. Cytoplasmic streaming (cyclosis) in the epi- 
dermal cells of Vallisneria is dependent on histidine and its deriva- 
tives (Fitting). 

This discussion of hormones need not be extended further since 
these substances are adequately treated in other works. We merely 
wish to point out that the physiological relations between hormones 
and vitamins are little known. 

Action of animal hormones on plants. — The term ani- 
mal hormone is reserved for hormones normally produced in 
animals. This definition must be modified in view of the fact 
that the “female sex hormone’% estrone (theelin) , or a substance 
closely related physiologically, is also produced by plants, e,g., 
estrone in palm kernels, and estriol in pussy willow. 

A vast literature exists concerning the action of animal hor- 
mones on plants. All the work concerning microorganisms and 
higher plants carried out with uncrystallized products extracted 
from glands is of no value, or at most is of value only in orienta- 
tion. We shall not discuss such results here (see Boysen-Jensen, 
193Ga) . 

The action of numerous hormones, particularly estrone, has 
been tested on microorganisms. The results are extremely vari- 
able. This female hormone is inactive on Aspergillus and Saccharo- 
myces cerevisiae according to A. Lijnd. It, likewise, has no influence 
on the formation of zygotes of Absidia coerulea or Phy corny ces. 
A certain number of yeasts have been studied by Weber using 
several pure hormones. A positive effect was produced only on 
Rhodotorula Suganii and R. glutinis var. Satoi; the hormones 
arranged according to decreasing activity are as follows : insulin 
(impure preparation) > estrone > benzoate of dihydrotheelin > 
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testosterone > androsterone > thyroxine > adrenaline > and 
heteroauxin. The action is probably related to the composition of 
the medium ; the mechanism of action, althougrh actually unknown, 
perhaps resides in the rapid establishment of a favorable redox 
potential. 

The information concerning- the action of animal hormones on 
microorganisms is as fragmentary as that concerning the plant 
hormones which the microorganisms produce. 

The dowering plants, on the other hand, have been studied 
extensively with regard to animal hormones. Prolan A (the go- 
nadotropic hormone produced by the anterior lobe of the pituitary) 
produces parthenocarpy in Antirrhinum, and in certain cases 
stimulates root formation. In the case of rye, a favorable action 
on the growth of the shoot (in length) and on the mineral content 
has been found (Herbst). 

The effect of estrone on the phanerogams is of particular inter- 
est. The first work of Schoeller and Goebel was carried out 
in the following manner: potted plants were sprinkled with water 
containing progesterone of technical grade (contaminated by 
auxin) . Almost at once the results became readily visible. A posi- 
tive action by the hormone was manifested by an acceleration of 
growth and flowering of hyacinths, fuchsias and primroses. In 
the case of tomatoes, larger fruits were produced. Other investi- 
gators were unable to verify the results completely and were in- 
clined to attribute the action to the auxin contaminating the hor- 
mone preparation. However, this criticism has broken down 
because other workers have observed the same positive effects with 
the absolutely pure crystalline hormone. 

The hormone exerts three effects which must be discussed: (1) 
on growth in general and on the opening of the flowers, (2) on 
the speed of flowering and on the number of flowers, (3) on the 
production of living matter. (Literature in Boysen-Jensen, 
1936a) . 

The contradictory effects observed by numerous investigators 
suggest the view that the action of the hormone depends on internal 
and external conditions which were not the same in all experiments. 

The effect on flowering has stirred up a lively interest. It is 
thought, on the basis of the observations of Chouard regarding 
the relation between the hormone and photoperiodism, that estrone 
is one of the hormones of flowering, the probable existence of this 
substance in higher plants has been pointed out by Cajlachjan 
and Melchers. This hypothesis has not yet received definite ex- 
perimental confirmation. 

The effect on the production of dry matter appears more defi- 
nite. Positive results have been obtained with the following: bar- 
ley (Scharrer and Schropp), rye (Scharrer and Schropp), 
tomato (Schoeller and Goebel, Harder and Stormer), Vida 
F'aha and Triticum (Scharrer and Schropp), and Zea Mays 
(Orth, Harder and Stormer). Similar findings have at times 
been reported from experiments with cultures of embryos deprived 
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of their cotyledons where the hormone acts in conjunction with 
thiamin and biotin. 

C. ZOLLIKOFER (1938) made some very interesting- observations 
with a grass, Poa alpina. This species has three different forms, 
one fertile with normal flowers and seeds {fructifera ) , and two 
sterile which propagate by bulbils developed in the inflorescences 
{vivipara and intermedia ) . All three forms respond favorably 
when the hormone is sprinkled on the plants, viz.y there occurs an 
increase in growth and the production of dry matter. A relation- 
ship exists between the increase in dry matter and the daily 
dosages of hormone. The maximal dosage effects a 96 per cent 
increase, which is much greater than the experimental error. This 
work is interesting because of the fact that the hormone does not 
bring about an increase in the number of flowers on the form 
fructifera, but it does increase the number of bulbils for vege- 
tative reproduction on the form vivipara. Hence, the effect of 
the hormone is not exercised on flowering and the reproductive 
system of any of the forms of Poa alpina; instead it is on the vege- 
tative system and on the production of dry matter. 

The female sex hormone (estrone) is a typical growth factor 
of vitamin nature, as we have defined it because of, (1) its great 
activity (a fraction of a gamma exerts an effect on cultures of 
embryos), and (2) its effect on assimilation. It can therefore be 
considered as a vitamin since it occurs in plants. It is found in 
seeds but in smaller quantities than the optimal dosage necessary 
for the culture of an embryo. Chemically it is related to the sterols 
which are equally common in plants. 

This is the only hormone for which activity has been claimed ; 
however, it does not appear to be indispensable to growth. 

Other hormones have been studied, namely, thyroxine and 
adrenaline, but have given contradictory results and have not 
aroused the same interest as estrone. 

Aside from the female sex hormone, animal hormones have not 
yet been found in plants. They have been tested for activity and, 
in some cases, have been found to have a stimulating effect ; never- 
theless, with the exception of estrone, they must be considered as 
non-specific. The observed stimulations have nothing in common 
with the action of a true growth factor as defined by the author. 

Actions of various substances- — Colchicine, whose action on 
nuclear division is the topic of the moment (Eigsti, DuSTiisr, 
Blakeslee) , has a non-specific action on phytocarcinomas pro- 
duced experimentally on tomatoes by Bacterium tumefaciens. Its 
action in this case is that of an inhibition on tumor development 
(Havas). In wheat, on the other hand, it causes the production 
of hyperplastic malformations at the tips of the roots. This action, 
which must be related to that of growth hormones, has not been 
explained. Colchicine, by virtue of its action on nuclear division, 
makes it possible to obtain plant forms frequently (but not always) 
characterized by a more rapid vegetative development and a larger 
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size. This might be spoken of as an indirect action of a growth 
factor. 

Carcinogenic substances are chemically related to sexual hor- 
mones and are of considerable interest. Attempts to produce an 
action on plants simulating that observed in cancerous tissue of 
animals has, in the case of certain microorganisms, yielded positive 
results. For example, Escherichia coTyimunior undergoes a 50 per 
cent increase in growth under the influence of 1, 2, 5, 6-dibenz- 
anthracene and methylcholanthrene (Goldstein, 1937). These 
substances also stimulate growth and fermentation in yeast (C- 
W. Dodge and B. S. Dodge, Cook, Hart and Joly). Nothing is 
known, however, concerning the specificity of these actions. They 
must, for the present, be considered as purely stimulatory. 

The results obtained from the use of carcinogenic substances on 
flowering plants are less clear. A slight stimulation has been 
observed in the case of Pisum; root tips in aseptic culture are 
stimulated somewhat by 1, 2-benzpyrene, methylchloranthrene, and 
1, 2, 5, 6-dibenzanthracene. In the case of HelianthuSy the hypo- 
cotyl portion of the axis when treated with 1, 2-benzpyrene devel- 
ops small tumefactions (Berthelot and Amotjreux) . Levine 
(1939) in his work on Kalanchoe Daigremontiana was able to dem- 
onstrate a specific morphogenic action with carcinogenic substances. 
These substances, especially 1, 2-benzpyrene, have been studied re- 
garding their action on Solanum lycopersicum, Nicotiana suaveo- 
lens, Pelargonium zonale, and Samhucus nigra (Kisser and Lin- 
DENBERG, 1940). The substance is applied as a paste to the stump 
of the stem of the plant being studied, the application being re- 
peated for a prolonged period. There occurs a stimulating action 
which is expressed as an intensification of cellular activity. This 
action is non-specific, and is of no greater validity than the action 
of animal hormones for showing relationships between plants and 
animals. The carcinogenic substances applied to plants do not 
produce tumors comparable with those produced by B. tumefaciens. 
This organism acts by virtue of hormones which it produces. The 
slight effect occasionally produced by carcinogenic substances must 
be attributed to a local stimulus which in turn causes the formation 
of hormones of cell division and organ formation. 

This short examination of these widely diverse substances leads 
to the conclusion that all these compounds are linked physiolog- 
ically in their action. Absolutely nothing is known, however, con- 
cerning the nature of these relationships. When we observe a 
particular effect of a substance we do not necessarily regard it 
as a result of a primary action. Other possibilities exist; for ex- 
ample, a substance acting externally on the organism may inter- 
vene at a given place in the chain of reactions, which unites various 
substances, thereby controlling their action and their production. 
Hence, an effect which one might attribute to the action of a specific 
factor may be merely the result of one or several previous actions, 
the observed effect being indirect. 
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WIi^ we are better informed concerning tlie physiological and 
chemical relationships by which these factors are united their 
effects probably will appear in an entirely different light. 
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VITAMINS IN NATURE. THEIR ROLE IN 
AGRICULTURE AND HORTICULTURE. 
VITAMIN CYCLES. 

Plants possess the power of synthesizing their own vitamins, 
whereas animals receive their vitamins from plants. Both con- 
tain many of them. As the substance of these organisms is 
returned to the soil, there remains, from a theoretical and prac- 
tical point of view, the very important question : are vitamins lost 
when an organism dies? 

At first glance such a loss would be contrary to all that is 
known about element cycles; thanks to these, the elements, car- 
bon, nitrogen, sulfur, calcium, etc. pass through many groups of 
organisms. Similarly, such a loss would be contrary to another 
equally valid principle of biology, Le,, ^‘nothing is lost and nothing 
is created'’. 

The question then, is simply this: are vitamins present in the 
soil? 

Vitamins in the soil. — According to the old and, classic re- 
searches of Bottomley and Mockeridge, bacterial infected peat, 
having undergone fermentation, contains substances which have 
an auxogenic action similar to that of vitamins. These ‘‘auximones" 
act on the growth of higher plants as well as on the fixation of 
nitrogen by Azotohacter, These results, obtained between 1914 
and 1918, have been confirmed by recent experiments, 'which have 
demonstrated the sensitivity of higher plants to vitamins. 

Lwoff and Lederer (T935) have shown that a flagellate, Poly- 
tomella agilis, is aided in its development by soil extracts. Con- 
trary to expectation, growth factors, rather than humus, are the 
active substances. The same year, Pringsheim (1935) realized 
the importance of soil in this connection and raised the question 
whether the soil really contained growth factors. 

The problem was taken up again in 1937 by the author's collab- 
orator, W. F. Muller (1937, 1941), with Mucor Ramannianus. This 
fungus is a typical member of the Mucoraceae found in the soil ; it is 
auxo-heterotrophic and requires thiamin as an essential gro\\i;h 
factor; however, it is satisfied with the thiazole half of this vita- 
min (Muller and Schopfer). Muller (1941) made an extract 
of soil from a locality which had never received manure. This soil 
was taken from a coniferous forest, in which Mucor Ramannianus 
finds favorable conditions. It was passed through a sieve, the 
stones and fragments of roots were removed, and then dried at 
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100° C. to determine its dry weight. Later, enough water was added 
to produce a semi-liquid decoction, which was heated to 100° C. and 
then filtered. A liquid was obtained which contained the dissolved 
water-soluble growth factors from the soil. 

With the optimal dose of vitamin Bi, l.Sy under the conditions 
of our experiments, a dry weight of about 200 mg. was obtained. 
With the soil extracts, results were obtained as follows: to each 
experimental fiask was added a quantity of soil extract corre- 
sponding to 40 g. of soil; soil taken from 1-3 cm. below a layer 
of conifer needles, 28.5 mg. of dry weight ; soil taken from 6-8 cm., 
18 mg. of dry weight; soil taken from 12-15 cm., 4.5 mg. of dry 
weight; control, 0. 

There can be no doubt, therefore, that the soil studied con- 
tained a growth factor active on Mucor RctTncinnianus. The effect 
observed with the soil taken from 1-3 cm. corresponds with 0.05y of 
thiamin. Experiments carried out with soils taken from other 
forests, from prairies, and from various fields led to the same 
results. For Mucor Ramanniwmis, it is not the amount of growth 
factor contained in the soil which acts as the limiting factor, 
but the quantity of assimilable nitrogen which is usually too 
small (Muller, 1941). The factor present in the soil can be 
adsorbed by animal charcoal and eluted with a mixture of alcohol 
and N/10 HCl. Experiments performed with the product of the 
elution show that the product is soluble in water, and in alcohol, 
but not in chloroform; thus it can not be preformed thiazole 
which is strongly soluble in alcohol. The presence of thiamin is 
not impossible. 

Lilly and Leonian (1939) made similar observations. They 
found sufficient thiamin in the soil to produce a good develop- 
ment of Phytophthora erythroseptica (requiring the complete 
molecule of thiamin) , Phyco'inyces Blakesleeanus (pyrimidine + 
thiazole), Pythiomorpha gonapodioides (pyrimidine) and Mucor 
Ramannianus (thiazole), as well as Sordaria fimicolcu, which, ac- 
cording to Leonian, requires biotin. They also observed that soil 
taken close to the surface is richer than subsoil in growth factors. 

It is known that thiamin is strongly adsorbed by Fuller’s 
earth. It is quite possible that thiamin may be likewise adsorbed by 
the fine particles of soil, and that it may be held fast in the upper 
layers of the latter ; it is found near living matter, being liberated 
upon the decomposition of this matter. Thus it can readily be 
expected that soil acts on plants not only through its plastic 
foods and minerals, but also through its growth factors. 

Origin of Growth Factors Contained in the Soil. — One of 
the possible sources of the growth factors in the soil is traceable 
to the microorganisms living in the soil and giving off growth 
factors to the soil. They include all the (totally or partially) 
auxo-autotrophic organisms; bacteria, flagellates, and fungi. This 

*Russex. had already demonstrated the fact that soil must act because of 
substances other than those of inorganic nature. 
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liberation of g-rowth factors permits the development of other 
organisms which are auxo-heterotrophic. Experiments made with 
culture media, in which auxo-autotrophic bacteria or fungi have 
lived, show that the growth factors have diffused into the medium 
and are again utilizable. 

Certain organisms are particularly rich in growth factors. 
Bonker and Greene (1938) showed that Azotohacter contained 
140, mg. of thiamin per kg. (this species is auxo-autotrophic and 
synthesizes its thiamin when cultured on a mineral medium). 
Other organisms certainly belong in this class. The organs of 
higher plants permit the diffusion of vitamin factors into humid 
soil. We know that under certain conditions, roots allow amino 
acids to diffuse out of them ( Virtanbn) . It is not surprising 
that vitamins likewise diffuse into the soil. Mucor Ramannianus 
is greatly activated in its development by the natural dialyzates 
from roots- Dialyzates from conifer seeds have the same effect 
(Melin). We have shown that the natural dialyzates of pollen 
and of floral organs, as well as of leaves of numerous plants, are 
extremely active on Phy corny ces (Sghopfer, 1936). One may 
attribute to the rhizosphere a certain richness in vitamin growth 
factors. As a result, auxo-heterotrophic organisms are likely to 
aggregate there since conditions favorable to them are usually 
found in the neighborhood of the sources of growth factors. 

Furthermore, auxo-autotrophic and auxo-heterotrophic organ- 
isms die and their matter returns to the soil. Their products of 
decomposition, the seat of multiple bacterial activities, do not 
necessarily lose all their vitamin growth factors; a certain num- 
ber of these bacterial activities may lead even to the formation 
of growth factors which will pass into the upper layers of the 
soil. 

The same is true with reference to the decomposition of higher 
plants. The roots of decomposing plants give up their growrth 
factors to the soil just as does the decaying foliage. Some of the 
experiments with Mucor Ramannianus are conclusive : a very 
active aqueous extract is obtained from decomposing leaves found 
on the ground. 

Likewise the action of animal excreta can not be overlooked. 
Because of their high vitamin content the feces of horses and 
other large animals serve as excellent media for the culture of 
numerous fungi. Cat feces, according to Bonner, contain O.ly 
of thiamin per gram of dry matter. The author has found large 
quantities in human and dog excreta. A man with normal nutri- 
tion eliminates through the urine, every 24 hours, from 30-90y of 
thiamin (Westenbrink and Goudsmit), lOOy (W. Karrer). De- 
composing animal organs must also give up their vitamins to the 
soil. 

Finally, manure applied to the soil represents another source 
of growth factors. Bonner and Greene (1938) found the follow- 
ing figures for a few manures: Arizona steer manure 0.13 mg., 
local steer manure 0.08 mg., dairy manure 0.13 mg. of thiamin 
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per kilogram. The presence of growth factors in natural manures 
must contribute to their superiority as compared with artificial 
fertilizers. This superiority has been established for a long time 
(Russel) . 

Action of vitamins supplied by nature and by fertilizers. — 
It is easy to understand that these vitamin factors of the soil act 
on the microorganisms of the soil, a situation which needs no 
further discussion ; but there remains the question whether higher 
plants profit equally from them. Although higher plants are 
auxo-autotrophic and synthesize their own growth factors, it has 
been demonstrated that this capacity for synthesis is not always 
sufficient. Cwmellid japonica, studied by Bonner and Greene 
(1938-1939) is an example of this. When seedlings are culti- 
vated in sand culture they do not develop until vitamin Bi is 



living’ organisms; 3: products released by the disintegration of dead organisms containing 
vitamins. 

added to the culture. Other plants (see chapter 7, page 76) 
grown from seeds {Bougainvillect glabra. Arbutus XJnedo, Euca- 
lyptus ficifolia) , or started as seedlings with roots {Aleurites 
Fordii), develop without vitamins, but their development is con- 
siderably accelerated when thiamin is supplied*. After a period 

* Other workers have been unable to obtain any improvement in the 
growth of intact green plants npon the addition of thiamin (Arnon; Minnum; 
Gorham; C. L. Hamner; Swartz). 
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of one year, the growth of Ceratonia siliqua is increased about 
100% by the addition of thiamin to a sand culture (0.01 mg. per 
liter) (Bonner and Greene, 1939). The same condition applies 
to plants cultivated in soil iArhutus Unedo, Prunus ilicifolia, Bryo- 
phyllum sp.) (Bonner and Greene). The vitamin accumulates 
in the leaves of the treated plants. 

Obviously not all plants have the same capacity for synthe- 
sizing thiamin. Some of them must suffer from a natural hypo- 
vitaminosis ; these are the ones that will react strongly to thiamin 
added to the medium and will be influenced by the natural growth 
factors of the soil. Plants which are sufficiently rich in thiamin 
will not react to exogenous growth factors. 

It is probable that growth factors of the soil must also be 
considered as ecological and sociological factors. Their presence 
may determine a particular population of certain localities, because 
of inadequate synthesis by some plants. 

What has been said in regard to thiamin may be applied to 
any other growth factor, provided it is sufficiently stabile to remain 
in the soil (Fig. 16) . 

Cycles of growth factors. — Definite relations among the va- 
rious groups of living organisms of the soil and sub-soil as based 
on various growth factor requirements are conceivable. They 
may possibly lead to the establishment of a cycle, analogous to 
the nitrogen and carbon cycles, but of a more flexible nature. 

The higher plants represent the starting point; they carry 
out the initial synthesis and furnish their vitamins to animals. 
Wastes and feces restore to the soil a certain quantity of vita- 
mins. In the soil the auxo-heterotrophic microorganisms profit by 
the vitamins produced by the auxo-autotrophic forms, diffusing 
from the latter or liberated by their decomposition. They likewise 
profit from the factors liberated from the roots of higher plants 
and from the products of decomposition of plants and animals. 
Those higher plants which have an inadequate synthesis, also 
profit by the factors of various origin in the soil. 

This cycle is not completely closed; nevertheless it clearly 
shows the relations which unite the various groups of living 
organisms, autotrophic or heterotrophic to thiamin. What is pos- 
sible for thiamin is equally possible for other growth factors (KoGL 
and Haagen Smit, Boas). 

A complete cycle, just as complex, is conceivable for vitamin 
A and carotene. The latter is synthesized by marine algae, which 
in turn furnish it to microplankton, e.g,y minute crustaceans.^ Vita- 
min A is formed from carotene in the animal organism ; it is pro- 
duced in small and large Ashes and is found in the oil extracted 
from the liver. This is utilized by man. For vitamin A, animals 
and man are totally dependent on the plant’s power of synthesis 
which alone manufactures enough endogenous carotene. It is 
not a true cycle which can be directly closed; there is simply a 
passage from plants to animals. When our knowledge becomes 
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more advanced concerning the other vitamins, we will undoubtedly 
be able to construct other cycles. 

This information may have no great practical importance ; 
however, in the field of horticulture and in intensive cultivation, 
it may be possible to accelerate growth by adding pure vitamins, 

thiamin ; even this procedure is hardly practicable. An indirect 
interest lies in the fact that the development of seedlings and the 
production of roots can be stimulated by the action of thiamin, 
together with that of heteroauxin. 

The principal interest lies in a better and more complete com- 
prehension of the action of natural fertilizers. Natural fertilizers 
can act by virtue of substances other than typical vitamins. XJrine 
is rich in auxin and it is not impossible that by its presence in 
excreta this powerful substance acts on the plant. Prevot (1939) 
pointed out that pigeon dung possesses a remarkable action on 
the formation of adventitious buds on the leaf of Begonia rex. 

Effect of the external environment on the vitamin content of 
food plants. — This aspect of the problem is really the most im- 
portant. Is it possible, in a practical way, to increase the vitamin 
content of a food plant? 

In chapters 8 and 9 we have shown that the biosynthesis of 
any vitamin is not solely dependent on internal factors, but also 
on external conditions. The production of vitamin Bi in young 
leaves is dependent upon light, whereas that of vitamin C is influ- 
enced by temperature and metallic catalyzers. These results are 
particularly significant for laboratory experiments. In agricul- 
tural practice, it is of interest to determine whether the vitamin 
content of the plant can be indirectly influenced by a particular 
fertilizer acting on the general metabolism. The question is espe- 
cially important for wheat (vitamin Bi content of grain, flour, 
and bread) , for legumes in general, cabbage, spinach, tomatoes, 
etc. (vitamins A, Bi and C), for carrots and tomatoes (vitamin 
A, carotinoids) , and has already engrossed numerous investigators. 
Rowlands and Wilkinson (1930) proved that the thiamin con- 
tent of grass seeds is lower when grown with an artificial fertilizer 
than with a natural one. 

Vitamin Bj. — We know that this vitamin is widely distributed 
in the whole plant kingdom. It is found not only in food plants, 
but also in a great number of species not utilizable for food. The 
Phycomyces test gives a positive reaction with 134 species belong- 
ing to 71 different families of monocotyledons and dicotyledons 
(see Schopfer, 1936 ; and Williams and Spies, 1938, p. 376) . In the 
wheat grain, thiamin is found mainly in its peripheral part. It is 
also abundant in the germ (which is an excellent source of growth 
factors for microorganisms) . Grinding with too much pressure, 
and using too small a proportion of the whole grain, yields a flour 
with a low vitamin Bi content, insufficient to prevent beri-beri in 
animals. The proportion of kernel going into the flour must not be 
below 72%, an appreciable portion of vitamin Bi thus being con- 
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served. This was approximately the portion in flour (in Switzer- 
land) during* peace time. To lose the least possible vitamin Bi, the 
proportion of kernel milled into flour must be above 80 % ( 82-85 % ) ; 
the flour is then of a gray tint which corresponds well to that of our 
sad times (see the graphs of Schexjnert) . 

The vitamin Bi content depends also on the type of wheat. 
The whole grain of wheat contains, on the average, 3-5y of 
thiamin per gram ; the germ of wheat, 15-20y per gram ; an extract 
of wheat germ, studied with an animal test and with the Phyco- 
TYiyces test, gives us a content of 20y per gram (Schoffer and 
JxJNG, 1936). Wheat flour made from 94% of the kernel contains 
3.5y ; with 75%, the content falls to 1.2y and with 60% (very white 
flour) to 0.5y per gram. There is practically as much vitamin Bi 
in wheat bran as in the entire grain. Barley and rice germs are 
very rich : 35y per gram ; rye germ contains only lOy and com 
germ only 12y per gram. Oat flour is one of the richest, containing 
8-1 Oy per gram which is almost three times that of wheat flour 
with 94% of the kernel present. 

Schexjnert and Schieblich (1936) used three methods of 
fertilizing wheat: (1) natural fertilizer, composed of stable manure 
prepared in a special manner; (2) commercial fertilizers; (3) 
alternating fertilizers, the first year natural manure in conjunc- 
tion with commercial fertilizer, then the second and third years 
artificial commercial fertilizers alone. The wheat studied was a 
winter variety and the experiments extended over a three year 
period. The differences observed (with rats as test animals) were 
small, the wheat obtained with the natural fertilizer being a little 
richer than the others. 

The experiments were extended to barley (Schexjnert and 
Wagner, 1939a) . The experimental fields were well known from 
records available for 60 years. The results of the experiments 
show that the variations are small ; the vitamin content varies 
from 4.5 to 6y per gram and bears no relationship to the nature of 
the fertilizer. The plants grown without fertilizer have the high- 
est vitamin Bi content. Rye gave the same results. 

The following vegetables were studied with a complete fer- 
tilizer (NPK), a natural fertilizer (stable manure), and a mixture 
of the two : Brussels sprouts, white cabbage, carrots, spinach, 
green cabbage, celery, onion, and red cabbage. The results are 
identical, the figures showing, at most, insignificant variations in 
thiamin content. Brussels sprouts contain 3y per gram, celery 3y 
per gram; the thiamin content of the other vegetables is between 
0.9 and 1.8y per gram (Schexjnert and Wagner). 

VitamiTi A. — The carrot {Daucus Carota) has been studied in 
detail (Schexjnert and Wagner, 1939 &,c). The biological deter- 
mination of the vitamin A value in carrots by means of an animal 
test proves that the variations due to fertilizers are insignificant. 
The same is true for Brussels sprouts, green cabbage, and spinach. 

Vitamin C. — Researches on this subject are of very great 
practical importance because of the instability of ascorbic acid. 
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The potato has been studied most extensively. The ascorbic acid 
was determined by the usual method (2,6-dichlorophenolindo- 
phenol, in acid solution). The essential fact demonstrated is that 
storage notably diminishes their ascorbic acid content. Scheunert 
and Wagner (1939d, 1940) made analyses at the end of October, 
and in the following January and October; between the first and 
the last analysis, the content of titratable ascorbic acid became two 
to three times weaker (with three varieties of potatoes). Oleiver, 
in a detailed study, proved that potatoes, after 10 days of stor- 
age, already lost a good part of their vitamin C. The destruction, 
which is brought about enzymatically, is less rapid at 0°C. than 
at room temperature. The content may change from 25 to 7.5 
milligrams. Various authors, Fuhrmeister, Kroner and Srein- 
HOPF, Wachholder, etc. obtained similar results (see Lunde, 
1940). 

The rapid and progressive diminution in the content of ascorbic 
acid was also proved in spinach; after two days of storage at 
room temperature the decrease is about 80% (Olliver). Van 
Eekeeen states that the loss is 60% after three days at room 
temperature and 90% after five days; on ice after five days the 
loss is 65%. 

Other vegetables and fruits have been studied with similar 
results (see the excellent book by Lunde, 1940 (Stavanger) , pub- 
lished by Springer). 

What is the influence of environment and fertilizers on the 
formation of vitamin C? The researches of voN Hausen (see 
p. 95) have shown that, within the scope of laboratory experi- 
ments, the vitamin C content is dependent on the chemical compo- 
sition of the culture medium (peas). The greatest production of 
ascorbic acid is obtained when Ca(]Sr 03)2 is supplied to the grow- 
ing plants, but the content may vary a great deal. Studies con- 
ducted in the field concerning the function of fertilizers have 
not led to the same results (Scheunert and Wagner, 1936 ; Scheu- 
NBRT, Reschke, and Kohlemann, 1940). Lettuce, spinach, green 
cabbage, white cabbage, red cabbage, Brussels sprouts, carrots, 
onioiis, and potatoes have been studied with stable manure plus 
artificial fertilizer (NPK) , and with stable manure alone. The 
results concerning ascorbic acid are similar to those obtained by 
studies of other vitamins, viz,, there are no appreciable variations 
(animal and chemical tests). 

The abundant data of practical nature can be summarized in 
the following way: the vitamin content (especially A, Bi, C) of a 
plant is a function of its development, at a given stage of growth 
the content being at a maximum. This content represents a bio- 
logical constant characterizing a given race. In a large measure it 
is practically independent of the nature of the fertilizer utilized. 
Under extreme conditions a diminution can occur, but this is the 
result of a disturbed metabolism. 

The data obtained in the course of limited laboratory experi- 
ments do not always correspond to the results furnished by actual 



Chapter XXI 


— 231 — 


Vitamins in Nature 


practice and by cultures on a large scale. It is not impossible 
that someone will succeed in altering the vitamin content of food 
plants; however, no suitable method has as yet been found. The 
only available method is the selection and the hybridization of 
races particularly rich in vitamins. The vitamin content of a 
plant is a character which is determined genetically. It can more 
easily be influenced by genetical means than by chemical ones such 
as fertilizers. 
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Chapter XXIL 

GROWTH FACTORS, VITAMINS, AND SEXUALITY. 

The phenomena of sexuality occur normally in the life of 
plants. For a lon^ time they were regarded as a mere continua- 
tion of vegetative development which influenced them without any 
particular factors coming into play. 

Higher plants. — In the higher plants the formation of 
the flower and the sexual organs as well as gametogenesis are 
extremely complex phenomena. One can distinguish: (1) a state 
of maturity of the plant preparatory to the development of the 
flower; (2) the appearance of the flower primordia; (3) the devel- 
opment of the flower and the appearance of special reproductive 
organs; (4) haplosis, terminating in the formation of the haploid 
male and female gametophytes ; (5) syngamy leading to the forma- 
tion of the zygote and endosperm; (6) the growth of the zygote, 
the development of the embryo, and the formation of the mature 
seed and fruit. 

The preliminary stages of reproduction, which are of a non- 
sexual nature, have been the subject of numerous investigations 
concerning the nutrition and metabolism of the plant. Klebs, 
using Sempervivum and Sedum, proposed the theory that the pro- 
duction of flowers is directly related to the carbon/nitrogen ratio. 
Although it can sometimes be observed that the first period is 
associated with a high nitrogen content (Murneek, As ami and 
ITO) , there is no direct and constant relation between the formation 
of primordia and a particular carbon/nitrogen ratio. At any rate, 
this factor is not primary and determinative (Murneek, 1939). 

Today the initiation of reproduction is regarded as the result 
of hormone action. Sachs had already advanced the hypothesis 
that the development of the flower depends on “specific floral sub- 
stances'’ (Bliihstoffe) developed in the leaves and diffused up 
to the meristem where they initiate the differentiation of the 
primordium. Such substances are neither known chemically, nor 
have they been isolated. Cajlachjan has revived this hypothesis 
and has modernized it by giving the name florigene to the sub- 
stance which causes the appearance of the floral primordia and 
vernaline to that responsible for the subsequent development. 

The formation of these substances is related to photoperiodism. 
In plants with long photoperiods, i.e,, long-day plants, the floral 
substances develop only after long daily periods of illumination; 
in plants with short photoperiods, Le., short-day plants, a short 
daily period of illumination is required to produce these sub- 
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stances. Hamistbr and Bonneir (1938), working with Xanthium 
pennsylyanicuTTh (with a short photoperiod) , discovered that the 
light stimulus is perceived by a single leaf subjected to a short 
photoperiod. The result of this stimulus is the rapid biosynthesis 
of specific floral substances, which are transmitted to the meii- 
stem through other parts of the plant, even if these are subjected 
subsequently to a long photoperiod. 

Despite our ignorance of the chemical nature of these sub- 
stances, their existence is quite probable in view of the fact that 
in grafts they can pass from one partner to the other (Melchers, 
Kuijper and Wiersum) . There is no doubt that we are dealing 
with a typical hormone phenomenon (according to our definition), 
which we shall not discuss in greater detail here. We simply follow 
Hamner and Bonner in stating that the hormone responsible 
for floral initiation cannot be replaced by the known vitamin fac- 
tors : yitaniins Bi, B 2 , Be, ascorbic acid, nicotinic acid, pantothenic 
acid, ^-inositol, nor by the hormone heteroauxin, nor by such hor- 
mones as theelin (estrone) or theelol (estriol) . Some investigators 
think that the action of the “female hormone^’ (theelin) offers a 
clue to the understanding of photoperiodism. Chouard observed 
that after eight hours of daily exposure to light, Calistheph^is 
sinensis reacts positively to the addition of 25y of dihydrotheelin 
per week, i.e., flowering is advanced. There is no advance when 
the daily exposure to light is 12 hours. Flowering is poor and 
dihydrotheelin is ineffective if the expose to light is I 8 or 20 hours. 
It seems, therefore, that this hormone “can partially replace a 
deficit in illumination’’, and that it “behaves like the hypothetical 
hormones of flowering invoked in the mechanism of photoperiod- 
ism.” These experiments have not been confirmed and the role of 
the “female hormone”, present also in the plant kingdom, remains 
obscure. The whole phenomenon is very complex; it is probable 
that certain vitamins may also play an indirect role. 

Various lower microorganisms. — A study of the nature of 
sexuality must include microorganisms. In these the morpho- 
logical phenomena of sexuality are definitely less complicated and 
the physiological aspects are more accessible to experimentation. 
In the lower microorganisms the expression of sexuality is closely 
dependent on nutrition and metabolism. Yet specific factors of 
sexuality have recently been demonstrated, as for example in 
Phytophthora (Leonian). 

Schizophyllum commune (Basidiomycete) requires thiamin as 
a growth factor, but it can be satisfied with pyrimidine (Bobbins, 
Schopfer and Blxjmer) . The haploid mycelia of both sexes have 
the same requirements, thiamin being the essential growth factor. 
With this factor alone the diploid fruit bodies, produced after 
plasmogamy, develop poorly. No doubt other essential factors must 
be involved (Schopfer and Blxjmer, 1940). Thren (1941) found 
that the haploid mycelium of Ustilago nuda differs physiologically 
from the mycelium of the dicaryon phase, the former being auxo- 
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autotrophic while the latter requires the pyrimidine component of 
thiamin. 

The telemorphic chemical influences, which were regarded as 
being of hormonal nature, have been studied in various fungi : the 
formation of progametangia in the Mucoraceae (Burgeff) ; the 
formation of perithecia in Neurospora (Moreaxj) ; the formation 
of oogonia and antheridia in Achlya (Raper, 1939a and 6). In 
the last case Raper demonstrated the existence of four different 
sexual hormones : one secreted by the female mycelium inducing 
the formation of antheridia ; a second secreted by antheridial 
branches causing the appearance of oogonial initials ; a third 
secreted by the oogonial initials producing a directive growth on 
the part of the antheridial hyphae ; and a fourth secreted by the 
antheridia, causing a wall to be formed at the base of the oogonium. 
The existence of these various substances is proved biologically but 
not chemically. An attempt by Raper (1942) to determine the 
chemical nature of the substance secreted by the female mycelium 
inducing the formation of antheridia (hormone A) , in which he 
tested the hormonal activity of various known substances, revealed 
two groups of compounds with positive effect. The first group is 
represented by the saturated dicarboxylic acids. Three of these, 
glutaric, malonic, and pimelic acid, were found to induce the forma- 
tion of a limited number of antheridial hyphae when applied to 
the male plants. These acids are not as effective on the male plants 
as they are in causing the female plants to secrete the hormone. 
The second group contains barbituric acid and certain of its sub- 
stitution products. Some of these are inactive while others are 
more active than the unsubstituted barbituric acid. These com- 
pounds are active only when present in relatively high concentra- 
tion (10^®). The barbiturates, unlike the active dicarboxylic acids, 
have no apparent effect on the female plant and the production 
of hormone A. 

This problem can be studied in greater detail in the Mucoraceae 
since they produce known specific sexuality factors. 

In Mucor hiemalis the influence of the nutritive medium on 
the production of zygotes (therefore on the origin of the gametangia 
and on syngamy) is well known (Schopfer, 1928). Definite 
quantities of a carbon (maltose) and of a nitrogen source (aspara- 
gine) are necessary, as well as a definite ratio between these two 
constituents of the medium. Above or below a certain ratio, zy- 
gotes develop poorly or not at all. Mucor hiemalis is an auxo-auto- 
trophic organism. 

In Phy corny ces Blakesleeanus (Schopfer, 1931-32) the natural 
medium is indispensable for the formation of zygotes. In a liquid 
synthetic medium with vitamin Bx, the vegetative development is 
excellent but the zygotes do not form readily. Thus other specific 
conditions for sexuality, besides thiamin, must be involved. We 
know that certain general conditions of nutrition have specific 
effects on sexuality. On a natural medium, with a malt extract 
base, vegetative development and the formation of zygotes occur. 
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If the medium is enriched with gelatin, the vegetative development 
is luxuriant but zygotes fail to develop. The inhibition is com- 
plete. The best medium for Phycomyces is composed of maltose 
(containing an active vitamin as an impurity) and of 0.1% aspara- 
gine. A synthetic medium with a glucose base induces the forma- 
tion of zygotes only if the impurity contained in maltose is added 
to it. The zygotes do not form as well when the amount of aspara- 
gine is increased. This partial inhibition can be compensated 
for by the addition of a very large quantity of the vitamin impurity 
found in maltose. Development proceeds as if the latter had over- 
come the inhibition produced by too large an amount of asparagine 
(SCHOPFER, 1931-32), 

At the time when the action of pure vitamin Bi on Phycomyces 
was observed, the author assumed that it replaces the vitamin 
impurity in maltose (Schopfer, 1934). Thus, without actual 
proof, the possibility of the presence of two substances was 
assumed: one acting on the vegetative development, and the other 
on sexuality (Schopfer, 1931-32). Later Bobbins (1939) took up 
the problem on an experimental basis. He proved that in a liquid 
medium vitamin does not suffice to assure the formation of 
zygotes, despite the excellent growth of the mycelium. On the 
other hand, if a solid agar medium is employed, as the author did 
in his first experiments, the zygotes develop in the presence of 
vitamin Bi alone. Thus, the agar must contain a particular sub- 
stance whose action, in conjunction with that of thiamin, induces 
sexuality. The agar can be purified by subjecting it to and extrac- 
tion by methyl alcohol or aqueous pyridine which removes the 
active substance. This purified agar, even in the presence of 
thiamin, is no longer suited for the formation of zygotes. The 
substance contained in the agar is not indispensable for vegeta- 
tive growth ; however, under certain conditions it has a beneficial 
effect on growth. 

Under normal conditions of culture on a liquid synthetic 
medium containing thiamin, Phycomyces is incapable of synthe- 
sizing one substance necessary for reproduction. Temperature 
plays an important role in the synthesis of this substance. At 
20°C. the synthesis of this factor is possible and, in a liquid medium 
with vitamin Bi, zygotes are produced. Conversely, at 25 °C. the 
synthesis is sufficient to meet the needs of vegetative development 
but not those for the formation of zygotes. This substance is not 
identical with the known vitamins : riboflavin, pantothenic acid, 
nicotinamide, pyridoxine (vitamin Bq), carotene and vitamin E. 
The substance in question is present in various plant extracts. 
Potatoes are rich in it and can serve as a source for experiments. 
Attempts at purification and identification (Robbins and Hamner, 
1940) lead to the fact that two factors are present in potato extract : 
one is adsorbed on animal charcoal and is eluted with an ammoni- 
acal-acetone mixture (factor Zi) ; the other is only slightly ad- 
sorbed and is present in the filtrate (Z^). Each of the two 
factors acts alone but the best effect is produced by the combination 
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of the two in the presence of vitamin Bi. Factor Zi has been iden- 
tified as hypoxanthine. The same activity is exhibited by guanine 
(see Bobbins and ICa.vanagh, 1942, concerning the specificity of 
action of this factor) . Factor Zg remains unidentified. Apparently 
mineral catalysts are not involved since they were supplied in the 
medium employed by Robbins. 

The author has been able to confirm the results of Robbins in so 
far as the effect of agar on sexuality is concerned. But in the pres- 
ence of a sufficient quantity of agar (supplying a supraoptimum 
of factor Z), thiamin plays the role of a limiting factor and the 
number of zygotes (already formed) to reach maturity depends 
on the amount of thiamin supplied. With a medium containing 
2% crude agar in 20 cc. of the usual nutritive solution, the maxi- 
mal number of zygotes is formed with 0.4-0.5y of thiamin. 

Factor Zi (hypoxanthine) is highly thermostabile. The author 
considers it as one of the constituents of factor M ( 1935 ) , including 
the components of thiamin, acting eventually on Phycoinyces and 
otYier Mucorobceae (Schopfer, 1940). Leonian and Greene (1940) 
assert that a complete medium is indispensable for a normal de- 
velopment of zygotes but they were unable to demonstrate a growth 
factor with a specifically sexual action. 

The problem of Phycomyces which seemed simple in the begin- 
ning becomes surprisingly complicated. 

These experiments show us that sexuality in general is depen- 
dent on specific factors but they do not enable us to penetrate 
further into the problems of sex determination and of its chemical 
mechanism. However, experiments with flagellates show us a 
different aspect of the problem. 

Flagellates. — The remarkable work of Kuhn and MoEVUS (sum- 
marized by Thimann, 1940 and by Murneek, 1941) , on the sexual- 
ity of ChlainydoTnonas eugametos has exposed the problem of 
sexuality in an entirely different light. In these organisms under 
certain conditions, the entire flagellated and motile cell functions 
as a gamete. 

The starting point of these experiments was the following 
observation: non-motile female gametes become motile under the 
influence of a filtrate from a culture of motile female gametes, 
the same filtrate induces motility in male gametes. Obviously the 
filtrate containing the substances secreted by the gametes produces 
a chemical effect, whose origin and nature should be determined. 

The phenomena of motility, of gametic union, and of sex deter- 
mination are intimately related ; they depend on the same category 
of substances. However, it is better to study them separately. 

Motility (MoEVUS, 1938). — The cells from an agar culture 
are non-motile and without flagella. If they are placed in the 
light and in water, they become motile but after a few moments 
the flagella become paralyzed (Geisselstarre) , The duration of 
their motility is directly proportional to the exposure to light. It 
is equal to one minute and three seconds for an exposure of five 
minutes ; 59 minutes and 18 seconds for an exposure of three 
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hours. Long’er exposure does not increase the duration of motility ; 
the effect is quantitative. Red, yellow, green, blue, and violet rays 
have the same effect. In water and in darkness motility does not 
In the dark with 1 % glucose and without oxygen, the cells 
remain without flagella. In the dark with 1% glucose but with 
oxygen, the cells become flagellated and motile. 

There is no doubt that the effect of light may be replaced by 
sugars. These sugars in order of decreasing activity are: gentio- 
biose, d-glucose, cellobiose, lactose, saccharose and rafiinose. 

Finally, the effect of light, or of darkness plus oxygen plus 
glucose, can be obtained with a filtrate from motile cells. The 
latter have formed the specific motility substance which has dif- 
fused into the medium and acted on the non-motile cells. 

An analysis of the filtrate (200 liters) leads to the conclusion 
that the substance has the characteristics of a carotinoid ; the two 
absorption bands at 4670 and 4380 A are those of ^rans-crocetin. 
Hydrolysis with HCl yields glucose in a quantity similar to that 
furnished by crocin. Therefore, it is certain that the motility 
substance is represented or replaced by crocin. This carotinoid, 
C 44 H 64 O 245 is a glucoside - the digentiobiose of crocetin, C 20 H 24 O 4 . 
Acid hydrolysis of the glucoside furnishes only glucose; hydrolysis 
with alcoholic ammonia, gentiohiose. It should be remembered that 
in darkness glucose and gentiobiose were the most active sugars. 

The activity of crocin is still evident at a dilution of 1:250,- 
000,000,000,000. At this dilution, there are approximately 2.4 X 
10 ® molecules per cubic centimeter; thus a small number of mole- 
cules suffices to make a cell motile (five molecules for four cells). 

Gametic union (MOEVUS, 1938). — Chlamydomonas eugametos 
is heterothallic and isogamous ; sex determination is genotypic. The 
sex of the gametes can be ascertained, however, by growing C. 
eugametos with C. Braunii which is anisogamous. 

The cells of C. eugametos having become motile in darkness in 
the presence of oxygen and glucose or in the presence of the filtrate 
from an irradiated culture are unable to undergo gametic union 
(to copulate). A specific copulation substance is necessary. This 
is formed by a photochemical reaction which is dependent on blue 
or violet light. It is not necessary to irradiate the organisms them- 
selves, for exposure of the filtrate from cell cultures which had 
been previously made motile (with darkness + glucose) will pro- 
duce this copulation substance. A study of this filtrate permits 
an analysis of the substance inducing gametic union. 

If the male and female filtrates are exposed to blue or violet 
monochromatic light, they become inactive. If they are irradiated 
with red or green light, they retain their activity. Therefore, the 
active substances for gametic union are formed in blue light and 
are also destroyed by blue light. 

Experimentation with progressive irradiation will furnish us 
a definitive explanation. Active male and female filtrates are 
subjected to blue light; at regular intervals they are tested with 
motile male and female cells (having undergone the darkness- 



W. H. Schopfer 


— 238 


Plants and Vitamins 


glucose treatment) . After 30 minutes of irradiation, the female 
filtrate is still active on female cells. After 75 minutes and up to 
105 minutes of irradiation, the female filtrate initiates the union 
of male cells. After 105 minutes of irradiation, the female filtrate 
has become definitely inactive (on males and females). The con- 
clusion drawn is that by proper timing of irradiation it is possible 
to transform the female filtrate into a male filtrate. 

The male filtrates behave differently : after 30 minutes of 
irradiation with blue light, they are still active on male cells. A 
prolongation of irradiation to 12 hours renders them definitively 
inactive. 

If the cells given the darkness-glucose treatment are irradiated 
with red light, they do not become capable of uniting. If after an 
hour of such irradiation, a filtrate is prepared which is absolutely 
free of cells, and if this filtrate, irradiated with red light, as in the 
preceding experiment, is subjected to progressive irradiation with 
blue and violet light, the female filtrate is at first active on female 
cells, then on male cells ; with the same time of irradiation, the 
male filtrate is active at first on female cells, then on male ones. 
Therefore, under the influence of red light, the motile cells (dark- 
ness -f- glucose) have synthesized a 'precursor without acquiring 
the ability to effect a union; at the expense of the precursor the 
female filtrate is formed first, then the male, and finally the in- 
active stage appears: 

red light 

motile cells 

from 

darkness -\- 
glucose 
treatment 

4 - 

filtrate 

precursor — >female substances — >male substances — >final substance, inactive 
(inactive) (30 minutes) (60 minutes) (12 hours) 

(increasing irradiation with blue-violet light) 

The filtrate with female activity is composed of three parts of 
the precursor plus one part of the final substance. The filtrate 
with male activity is composed of one part of the precursor plus 
three parts of the final substance. Mixtures in other proportions 
are inactive. 

The following experiments prove that the two important sub- 
stances, the precursor and the final one, are carotinoids derived 
from crocin; the precursor is replaceable by the dimethyl ester 
of cis-crocetin, the final substance by the dimethyl ester of trans- 
crocetin. These two substances behave like the female and male 
substances in so far as red and blue light are concerned. The 
same mixtures are active: three parts cis- plus one part trans- 
equal female action; one part cis- plus three parts traus- equal 
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male action. The two substances are active at a dilution 1:33,000,- 
000. They are less active than the source substance, crocin (mo- 
tility substance) . 

Biological experiments teach us that the two sexual potenti- 
alities, male and female, are the extremes of a series composed of 
numerous intermediates. Thus we see how one substance, through 
successive chemical transformations, acquires hrst a female effect 
and then a male effect. Sex is not determined by any one sub- 
stance, hut rather by a ratio between two forms of the same 
substance. As a result, intermediates may exist. By varying the 
time of exposure one obtains (Moevus, 1939), with eight types 
of gametes for the two' sexes, four sexual intensities : very strong 
(4), strong (3), medium (2), and weak (1). Each type of 
gamete produces a specific substance, i.e., a specific mixture of the 
precursor and of the final substance. By irradiating the eight 
types of filtrates with blue-violet light they are inactivated for 
some types of gametes but activated for others. 

By treating the eight types of gametes with mixtures of cis- 
and trans-CTOoetim in varying proportions, it is possible to deter- 
mine the mixture in which each type of gamete becomes active ; an 
astonishing agreement is established: 

Intensities obtained by the irradiation of filtrates 

> male 

( 3 ) ( 2 ) ( 1 ) ( 1 ) ( 2 ) ( 3 ) ( 4 ) 

85/15 75/15 65/35 35/65 25/75 15/85 5/95 

Corresponding cis/trans ratios 

The transformation from one stage to the following requires 
10 minutes, except that from female (1) to male (1) which requires 
30 minutes. One minute is necessary to transform 1 percent of cis- 
into trans-CTOcetin (methylester) . Thus relative sexuality and 
sexual valence, expressed in Chlamydomonas eugametos by gen- 
etically determined valences, have been demonstrated chemically. 

Sex Determination (Kuhn, Moevus and Wendt, 1939). — 
Chlamydomonas eugametos f. syno'ica is homothallic ($cr) and the 
gametes have genotypically undetermined sex (determination is 
phenotypic). If the cells are treated with a typical female filtrate, 
all of them become females, but if treated with a male filtrate, all 
of them become males. The filtrates, therefore, must contain sub- 
stances capable of determining sex. These substances are related 
to those just described; the female-determining substance is a glu- 
coside, 'picrocTOcin ( gentiobioside of safranal), whereas the male- 
determining one is safranal. Their action is observed only in homo- 
thallic forms. In heterothallic forms no reaction to picrocrocin and 
to safranal takes place. 

The properties of the female-determining (replaceable by picro- 
crocin) and male-determining (replaceable by safranal) substances 
are very different. The male substance is soluble in ether and 
can be extracted with them. The female substance lacks these 
properties ; it is destroyed by heating with dilute H 2 SO 4 or dilute 
Ba(OH) 2 , and as a result of this inactivation acquires male activity. 


female - 
( 4 ) 
95/5 
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That picrocrocin and safranal are really the sex determining 
substances can be proved in the following way : assuming that this 
fact is correct, the cells of the homothallic f. synoica must, under 
the action of picrocrocin and safranal, produce and secrete the 
dimethyl esters of cis- and irans-crocetin in the proper propor- 
tions. Experiments reveal that under the influence of picrocrocin 
(female-determining substance) the cells produce the cis/trans 
ratio 65/35 ; whereas, under the influence of safranal they produce 
the cis/trans ratio 35/65, according to expectations. 

Picrocrocin and safranal are really hormones which determine 
'primary sexual characters. These two hormones determine sex 
because they control gametic union by means of the cis/trans ratio. 

The three groups of substances with which we are dealing are 
the following: 

(1) The motility substance, replaceable by crocin and di- 
gentiobiose. 

(2) The copulation-inducing substances, called gamones, re- 
placeable by the dimethyl esters of cis- and trans-cxocetin in def- 
inite proportions (andro- and gynogamones) . 

(3) Sex determining substances called termones, replaceable 
by picrocrocin and safranal (andro- and gynotermones) . 

These three groups are closely related chemically and are 
derived from one another as shown in the following table. We 
assume the existence of a common starting substance for the two 
sexes, and for all observed phenomena : protocrocin, composed of 
digentiobiose, of crocetin, and of picrocrocin. 


^r'oiocroc i n 



cis/tr'o.n-3 ?nijciher'€: 


DET'ERJVIIN/VriON .5YNGA3V1Y IMOTriEinrY 
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The activity of saf ranal is such that one can make the following 
theoretical calculation : a 10“^ molar solution of picrocrocin is dis- 
sociated to the extent of 50% by 1.7 X lO^ cells after 30,000 years. 

Summary, - — Chlamydomonas contains in its plastids a caroti- 
noid which brings about the formation of crocin and picrocrocin. 
This organism decomposes picrocrocin which supplies safranal 
and sex determination results. Under the influence of safranal, 
c^s-crocetin (produced from crocin) and fratis-crocetin are secreted 
in variable proportions and cause gametic union. This is possible 
because of the motility initiated by the gentiobiose furnished by 
crocin. 

By disintegration, the following substances are formed: picro- 
crocin and crocin from protocrocin (A) , safranal from picrocrocin 
(B) , the esters of crocetin from crocin (C). The B and C reactions 
are of an enzymatic nature, the enzymes being dependent on a gene 
(Kuhn and Moevus, 1939). 

Reaction A. {Motility gene), — The substances for motility 
(crocin) and sex determination (picrocrocin) always appear to- 
gether; this substantiates the preceding table. 

Reaction B {Gathe gene), — The male-determined cells, pro- 
ducing safranal, are capable of hydrolyzing picrocrocin. The 
enzyme, detected biologically, has its maximum activity at pH 7 
and at a temperature of 26 °C. 

Reaction C (Md gene), — All cells producing gamones (esters 
of crocetin) possess an esterifying enzyme, permitting the substi- 
tution of the gentiobiose residue by a CHg group. In many species 
of Chlamydomonas, this enzyme has its maximal activity at pH 7. 
The optimal temperature varies, according to the species, from 
12° to 27°C. 

These three reactions show us how these substances originate 
from one another. 

It is not yet understood what effect the termones, picrocrocin 
and safranal, exert on the cis/trans-cxoc&tiii ratio. The termones 
are the substances that govern this ratio and bring about the 
formation of specific gamones. It is proven experimentally that 
the cells of f. syno'ica, when treated with picrocrocin, produce 
more cis- than trans-cxocetin (dimethyl ester), and that they have 
female properties. Conversely, those treated with safranal pro- 
duce more trans- than c^s-crocetin. Thus picrocrocin accelerates 
and safranal inhibits the formation of the dimethyl ester of cis- 
crocetin ; in other words, the variations of the cis/trans ratio 
are produced by an action of the termones on the esterifying 
enzymes, on which the “formation” of the gamones depends. Obvi- 
ously, this action of the termones on the gamones can not be 
demonstrated in homothallic cells (as in f. syno'ica) . In the hetero- 
thallic forms (C. eugametos type), the cis/trans-CTOcetin. ratios 
are determined genetically. 

Such experiments lead us to a thorough understanding of the 
mechanism of genotypic and phenotypic sex determination and of 
its chemical basis. They also touch on the important problem of 
the relations between genes and active substances. In the author’s 
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opinion this is the fundamental part of the problem. We have 
many examples in genetics in which the quantitative variations of 
a factor correspond to equivalent variations in the production of 
a vitamin; Johnson and Miller found that in Zea Mays the 
^-carotene content of the endosperm corresponds to the number 
of dominant Y genes. The same correspondence is observed with 
vitamin A activity. 

The experiments of MoEVUS and Kxjhn are remarkably precise. 
They were conducted in a field in which all expectations were exact 
and where eversrthing took place according to the wishes of the 
investigator. There is no reason for doubting these experiments. 
Nevertheless, it would be comforting to see them confirmed. 

The flagellates are at present the only organisms in which such 
observations have been made. The mechanisms demonstrated must 
be of general occurrence : firstly, because of the general distri- 
bution of carotinoids in the whole plant kingdom; secondly, a re- 
mark of Kuhn renders this generalization still more probable : 
the y^-carotene of leaves can be oxidized into two molecules of 
safranal and one of picrocrocin. 

Picrocrocin (a colorless glucoside) and crocin are found in 
saffron, and are produced by the stigmas of Crocus. These sub- 
stances will probably be found in the sexual organs, stigmas, and 
pollen of other flowers. If they are not found there preformed, 
they may originate there. 

Actually, by the use of the ChlamydoTnonas test for motility, it 
is possible to prove biologically that crocin is present in the 
pollen and the stigmas of the following plants: Allium ursinum, 
Tulipa australis, Narcissus posticus, N. odorus, Iris Reichenbachii, 
Convallaria majalis, Lilium candidum, Anemone pulsatilla, Cheir- 
anthus Cheiri, Wistaria sinensis, Aesculus Hippocastanum, Syringa 
vulgaris, Beilis perennis, Borrago officinalis, Rihes aureum, Poten- 
tilla fruticosa. 

Various observations have shown that an increased quantity 
of carotinoids is present in the reproductive organs at the time 
of reproduction. Chodat and Schopfer reported a large quantity 
of carotinoids in the progametangia of Mucor hiemalis. Murneek 
(1939) analyzed the vegetative and reproductive organs of Cosmos, 
Salvia, and Soja at the time of anthesis and found that the repro- 
ductive organs contain a much greater amount of carotinoids than 
the vegetative ones. The difference is also clear for xanthophyll. 
The abundance of carotinoids at the time of flowering has likewise 
been recorded by Virtanen and voN Hausen (see p. 84), and 
by Nagasima. It is certain that these substances are connected 
with the sexual phenomena in plants as well as in animals. These 
reports suggest the possibility of generalizing on the theories of 
Kuhn and Moevus. 

In conclusion, attention is called to the fact that in many differ- 
ent phenomena where the eflcect of a light stimulus is evident, 
carotinoids are found interposed as receptors. Carotinoids absorb 
light in the blue and violet wave lengths. In Phy corny ces large 
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quantities of carotinoids are formed preferably under the influence 
of blue and violet rays (Sghopfer). These are the same rays 
which, absorbed by the carotinoids of the Phyconmyces sporang-io- 
phore and by the Averta coleoptile, initiate the greatest photo- 
tropic curvatures (Bunning) . Finally, under normal conditions, 
the blue rays are responsible for the appearance of the gamones 
(esters of crocetin) in ChlaTnydomonas. This effect is not ex- 
plained by the experiments of Moevxjs. 

The cases in which specific substances for sexuality have been 
demonstrated, are not very numerous ; however, they suffice to 
illustrate the full importance of the problem. The particular state 
of development of an organism, during which sexuality must be- 
come expressed, is definitely under the control of hormone and 
vitamin factors, specific in their effects but general in their 
distribution. 
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SYMBIOSIS, PARASITISM, AND VITAMINS- 

Important discoveries were made when the available data on 
vitamin growth factors were used toward the explanation of sym- 
biosis and related phenomena. 

Symbiosis- — Microorganisms. — The mutual relationship of 
microorganisms in mixed cultures has been studied for a long time. 
It has been observed that sometimes two organisms grown in the 
same medium cause an inhibition of growth ; either one of the two 
organisms does not develop or the growth of both is inhibited. In 
this case one speaks of unilateral or reciprocal antibiosis. Con- 
versely it is possible that one of the two organisms is favored in 
its development by the presence of the other, or in the same man- 
ner, they aid each other reciprocally. This case is known as unila- 
teral or reciprocal stimulation. 

These phenomena occur in culture media, but they may also 
appear in the hosts of microorganisms. This case is called either 
unilateral or reciprocal synergism (corresponding to stimulation) 
or antagonism (corresponding to antibiosis). The latter is of less 
interest to us (see Papacostas and Gate, 1928; Weindling, 1938; 
Waksman, 1940, 1941). 

Unilateral and reciprocal stimulation. Satellitism, — Satellit- 
ism has already been described with reference to hemophilic bac- 
teria. A Pfeiffer bacillus culture is more or less strongly stimu- 
lated by the presence of contaminating organisms (see p. 168), 
particularly by Staphylococcus aureus. The phenomenon of sat- 
ellitism (Davis) corresponds to the giant colonies of Grassberger 
and to the ‘‘nurse colonies’" of Neisser. This stimulation, which 
is here unilateral, may be explained in various ways. It might 
be assumed that the growth of B. influenzae is favored by the direct 
action on the medium, due to the production of an acid or alkali 
by the organism. However, this explanation had to be abandoned 
when it became known that bacterial extracts exercise the same 
effect as the living colonies. Instead it must be a matter of the 
production of certain substances which the Pfeiffer bacillus is 
perhaps no longer capable of synthesizing and which are now 
furnished by the nurse colony. These beneficial factors, produced 
by the satellite (nurse colony), diffuse into the medium and permit 
the growth of the organism. 

When considered in the light of actual findings, most cases 
undoubtedly involve vitamin action. We encounter again the gen- 
eral phenomenon described many times in preceding chapters: 
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extracts of an autotrophic (with respect to a given factor) species 
activate the growth of a heterotrophic (with respect to the same 
factor) species (as long as other inhibiting factors do not enter into 
play). Unilateral stimulation, or satellitism in vivo under normal 
biolog’ical conditions, can foe produced artificially foy applying the 
afoove-mentioned principle. 

Not every case of satellitism can be traced to a vitamin effect. 
A satellite microorganism can modify the physico-chemical proper- 
ties of the medium, pH, rH, etc. By enzymatic action it can render 
the medium more assimilable. A typical case is represented by the 
association of Mucor Rouxi Wehmer and Micrococcus roseus. The 
former is able to convert starch into sugar and under certain 
conditions grows on potato producing yellow-orange pigments, 
whereas the latter does not grow on potato and requires maltose 
as a source of carbon. If they are inoculated together, Mucor 
grows normally by converting starch into sugar and Micrococcus 
also grows due to the maltose produced by the action of Mucor 
( VuiLLEMiK) . Despite these exceptions the conclusion is that 
the stimulation is frequently due to a vitamin action, 

The contamination of a culture of an auxo-heterotrophic fungus 
by a yeast (rich in vitamins), another mold, or a bacterium often 
results in a good growth of the fungus. Since the medium contains 
only assimilable substances and since only the absence of a growth 
factor prevents the growth of an auxoheterotrophic fungus, it 
must be concluded that the contaminant acts by producing a 
vitamin. 

In cultures of Phycomyces on synthetic media made without 
vitamins, Penicillinm may appear at times as contaminants. The 
latter is auxo-autotrophic and grows well without vitamins. Where- 
ever the Penicillinm colony grows, the mycelium of Phycomyces 
also grows as vigorously as in the presence of vitamins. Peni- 
cillium has acted by furnishing Phycomyces the missing growth 
factors (thiamin among others). This fact, which has frequently 
been observed by the author since 1933, has been confirmed by 
Robbins. This does not constitute a phenomenon of symbiosis. A 
similar example is that of an auxo-heterotrophic Polyporus whose 
growth in nature is dependent on the presence of living bacteria 
which act through their extracts, the active substance being thia- 
min. 

Cultures of Strigomonas (flagellate) sometimes become con- 
taminated by yeasts, by fungi such as Aspergillus niger, or by bac- 
teria such as Staphylococcus, Sarcina, etc. These organisms enable 
a culture of Strigomonas to thrive even if the medium is not pro- 
vided with blood, which we know is indispensable to this flagellate. 
The latter is dependent on the presence of hemin. It must be 
admitted, therefore, that the contaminating fungi and bacteria 
stimulate the flagellate unilaterally by furnishing it the small 
quantity of hemin required. 

Numerous reports occur in the literature of cases of unilateral 
stimulation between aerobic microbes, anaerobic microbes, and 



Chapter XXIII 


247 


Symbiosis and Parasitism 


between fungi and microbes. In many instances the introduction 
of the concept of growth factors would undoubtedly provide the 
explanation of the mechanism of stimulation. Moreover, GOY by 
observing the favorable action of a Mucor filtrate on the growth 
of microbe cultures has attempted to determine the exact mechan- 
ism of stimulation. He succeeded in isolating a substance active 
in very small dosages and attempted to explain this Stimulation 
by the action of vitamins. 

The cases cited here concern the action of vitamin Bi, of bios, 
and of hemin produced by the stimulating organisms. No doubt 
other cases involving other growth factors and vitamins will be 
found. 

Metabiosis can also be explained in the same way. This phe- 
nomenon represents a particular kind of stimulation according to 
which a microorganism does not grow on a given medium unless 
a different microorganism has previously grown on it. A classical 
case of polymetabiosis is represented by the formation of nitrates 
at the expense of organic nitrogen substances. The two nitrifying 
bacteria, Nitrosomonas and Nitrohacter, inoculated together or 
separately do not grow. With the introduction into the medium 
of a third bacterium endowed with proteolytic properties {Bacillus 
raTnosus for example) , growth of the three organisms is made pos- 
sible and the whole cycle of nitrification can be accomplished. B. 
ramosus produces ammonia which permits the development of 
Nitrosomonas, and the nitrous acid produced by the latter is oxo- 
dized to nitric acid by Nitrohacter. 

The production of “sake'^ (Japanese alcoholic beverage prepared 
from rice) may likewise be described as an example of metabiosis 
in which the primary action of a fungus, Aspergillus oryzae, pro- 
duces sugar from starch, and the subsequent action of yeast pro- 
duces alcohol. These and other cases are explained apparently 
without reference to vitamin growth factors. It is simply a prepa- 
ration of a medium by one organism which elaborates assimilable 
substances for the next organism which follows. On the other 
hand, there are cases in which metabiosis depends on the produc- 
tion of vitamins functioning as growth factors. Streptothrix coraU 
linus {Actinomyces corallinus) requires a growth factor which 
seems to be thiamin and which is present in a preparation of 
toruline by Peters (Reader). This fungus does not grow in a 
purely synthetic medium ; but if the medium is first inoculated 
with a Meningococcus, the fungus is able to grow. No doubt the 
bacterium has produced growth factors favorable to the fungus. 
It is also known that Meningococcus cultivated in association with 
the Pfeiffer bacillus stimulates the latter (Wolf, Davis). 

Obviously the cases in which the culture of a microorganism is 
favored or inhibited by the extracts of another microorganism may 
be regarded as being related to metabiosis (see above) . 

Generally speaking, unilateral stimulation acts in a vital man- 
ner by assisting growth, i.e., the production of cells, and by favor- 
ing the production of toxins by pathogenic microbes. It may 
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similarly influence the production of enzymes and pigments. One 
may associate with typical metabiosis those cases in which the 
growth of an organism is favored by, or is dependent upon, extracts 
of other microorganisms. When these extracts are sufflciently con- 
centrated and purified and when they act in very small amounts, 
the phenomenon can safely be explained by the action of vitamin 
factors. The three phenomena, unilateral stimulation in vivo, 
metabiosis, and stimulation through an extract of a microorganism 
are three forms of one and the same manifestation, and all of 
them may occur in the same organism. 

We do not consider as a stimulation the case in which bacterial 
cells serve directly as a source of food for another microorganism. 

RecipTocal ihilateral) stiTnulation. — Cases of reciprocal stimu- 
lation are of the greatest interest to us, although they are much 
rarer than those of unilateral stimulation and of metabiosis. 

HentYiophilus canis requires factor X (hemin) for its develop- 
ment but it synthesizes cozymase (factor V). Conversely, Hemo- 
philus parainfluenzae synthesizes hemin but requires cozymase. 
When grown together (Rivers) both develop, since they exchange 
their growth factors with the result that each has the necessary 
substance at its disposal. This case can be explained only by the 
action of growth factors. 

Analogous cases can be found in the fungi. N ematospora Gos- 
sypii requires biotin as a growth factor but synthesizes thiamin. 
Polyporus adustus synthesizes biotin, but requires thiamin (in 
reality only pyrimidine). When cultured together without growth 
factors, the two fungi develop normally (Kogl and Fries, 1937). 
The most typical case is represented by the association of Mucor 
Ramannianus and Rhodotorula rubra. It is explained by means of 
a single growth factor, which consists of the two components of 
thiamin. We have seen that Mucor Ramannianus is the thiazole 
type which can synthesize pyrimidine. Rhodotorula rubra, con- 
versely, requires pyrimidine but synthesizes thiazole. When cul- 
tured separately on a synthetic medium without growth factors, 
Mucor does not grow and Rhodotorula shows only a trace of growth, 
but when cultured together on the same medium they grow as 
well as they do when supplied with thiamin. The two components 
of the thiamin molecule have been exchanged, giving each partner 
of this mixed culture the complete molecule of this vitamin (Mul- 
ler and Schopfer, 1937; Muller, 1940). 

Mucor Ramannianus Rhodotorula ruhra 

synthesizes : pyrimidine requires : pyrimidine 

requires : thiazole <— synthesizes : thiazole 

When the mixed culture is grown on a solid agar medium, the 
two organisms intertwine, forming a consortium whose morpho- 
logical aspect is different in certain cases from the cultures of the 
two partners when isolated. We have here an actual case of 
artificial symbiosis which is ideal. Furthermore, it demonstrates 
irrefutably that the organism requires only one-half of the mole- 
cule because it is capable of synthesizing the other. 
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Although unilateral stimulation can never be considered as 
symbiosis, all well-established cases of reciprocal stimulation can 
be regarded as artificial symbioses, particularly that of the associa- 
tion Mucor Raniariniarius-Ithodotoirula Tubra. However, a single 
example like this might prove misleading because it might lead 
to the assumption that symbioses among microorganisms depend 
solely on an exchange of growth factors. Actually a symbiosis is 
determined by a complex group of various kinds of factors, among 
which vitamins play a role. It is conceivable that the lichen sym- 
biosis can be explained partially in this manner but this has not 
been proved as yet. 

We must again call attention to the fact that, in the majority 
of cases, symbioses are made up of an autotrophic and a hetero- 
trophic partner — ^heterotrophic in the broad sense of the term. 
In the case of Mucor-Rhodotorula it is a matter of an artificial 
symbiosis between two heterotrophic organisms cultivated in the 
presence of sugar. In nature, it is hardly probable that these 
organisms encounter each other, and even if they did so, it is not 
likely that they could live together. Moreover, all the cultural 
conditions necessary for the symbiosis of Rhodotorula and Mucor 
are not yet known in detail. The recent investigations of Utiger 
and SCHOPFER have shown that the symbiotic condition develops 
well in the presence of asparagine. If the latter is replaced by 
ammonium sulphate or another inorganic nitrogen source, develop- 
ment occurs only upon the addition of a mixture of cations con- 
taining at least Lfi, Cs, Sn, Mo, Hg, XJ, and Al. The author considers 
this case a model particularly adaptable for teaching purposes. It 
shows us how nice it would be if natural symbioses could also be 
explained as simply. 

Higher Plants. — It is primarily the endotrophic and exo- 
trophic mycorrhizas which interest us as far as vitamins are con- 
cerned- The fungi of exotrophic mycorrhizas are the most access- 
ible. From 1925 on, E. Melin, studying the development of fungi 
of this type in vitro, has shown that special conditions are required 
for their culture. He attempted to culture Boletus luteus and B, 
variegatus as well as mycorrhizal Rhizoctonia silvestris (3, R. 
silvestris y, and R. Abietis (the latter from Pinus silvestris and 
Picea excelsa) on a synthetic medium, and found that their growth 
on it was improved by introducing conifer seeds or young conifer 
plants. He assumed that the substances which diffused from the 
seeds and plants into the medium were vitamins analogous to 
growth factors, but since Hansteen-Cranner had just shown that 
soluble phosphatides diffused from living roots and seeds, particu- 
larly those of conifers, into the water in which they had been 
placed, he promptly made comparisons and found his hypothesis 
untenable (see SCHOPFER, 1932). The substances which exercise 
an auxogenic action are not specific, since they can be obtained 
from seeds other than those of conifers. Furthermore, they are 
present, not only in seeds, but also in many other types of tissues. 
Moreover, it has been demonstrated since that time that phos- 
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phatides are not the only substances diffused from the seeds, but 
that vitamin Bi contained in the seeds also passes into the water. 
F. W. MtiLL/ER (1941) proved that the dialyzates of many seeds and 
of various tissues are a source of growth factors for a soil organ- 
ism, Mucor Ramannianus (which does not form a true mycorrhizal 
association with roots, but which has likewise been studied by 
Melik). The factor in question is vitamin Bi or one of its con- 
stituents, thiazole. 

Encouraged by numerous positive results obtained with vitamin 
Bi and bios by a number of authors, Melik and Likdenberg (1939) 
resumed their investigations with other fungi : Boletus elegans 
(Schum.) F'r., Clitopilus prunulus (Scop.) Fr., Lactarius deliciosyis 
(L.) Fr., Rhizopogon roseolus (Corda) Th. Fr., Tricholoma alho- 
hrunneum (Pers.) Fr., T, i'mhricatum Fr., T, pessundatum Fr. 
Boletus elegans forms a mycorrhiza with Barix; JLactarius delieio- 
sus with Firms silvestris, and P. strohus; Clitopilus prunulus and 
Rhizopogon roseolus with Pinus silvestris; the three Tricholoma 
species with Pinus silvestris, P. montana and Picea abies. 

Thiamin exercised a very favorable effect on these fungi, when 
grown on synthetic media and studied according to the usual meth- 
ods. . Although biotin by itself had no effect, it acted favorably 
with thiamin on Rhizopogon roseolus. Melin and Nyman (1940) 
carried out supplementary experiments with other fungi, employ- 
ing N. Nielsen^s method of suboptimal doses, and found that 
thiamin is required by Boletus luteus (L.) Fr., B. vcuriegatus (Sw.) 
Fr., B. viscidus (L.) Fr., but not by B. granulatus (L.) Fr., B. 
piperatus (Bull.) Fr., and Cenococcum graniforme (Sow.) Ferd. 
and Winge. Biotin (bios II6) stimulates the growth of Boletus 
piperatus and Cenococcum graniforme but has no effect whatever 
on the other species. 

Thus it was clearly demonstrated, in accord with our knowl- 
edge of growth factors, that mycorrhizal fungi are frequently 
auxo-heterotrophic. They must receive from the root, which con- 
stitutes their substrate, the thiamin contained in it. But it is of 
great interest to learn that not all are- auxo-heterotrophic. In no 
case is the need for thiamin the only cause for the formation of a 
mycorrhizal association nor does it explain the specificity of the 
substrate for a given fungus. 

The concept of vitamin growth factors has been even more 
fruitful for the explanation of endotrophic mycorrhizas. We must 
restrict ourselves to a few details concerning orchid symbionts. 
Since the classical researches of Noel Bernard we know that 
orchids require the presence of a specific fungus for germination 
and development. The fungus forms a mycorrhiza within the 
cells of the embryo. Since this phenomenon has been studied cyto- 
logically this aspect of the problem can be omitted here. Instead 
we shall consider the part played by the fungus and the mechanism 
of its action. 

Under certain conditions the fungus is indispensable for orchids 
growing on synthetic media solidified with agar. However, it has 
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been proven that germination and growth in the absence of a 
fungus are possible in certain cases. Knudson reported the devel- 
opment and flowering of a Cattleya in the absence of a fungus 
(culture in light on an agar mineral medium in a 12-liter flask). 
Apparently there exist cultural conditions under which certain 
species do not require a fungus, e.g,, a high concentration of sugar 
will permit a non- symbiotic culture of some species. On the other 
hand, it is sufficient to know that conditions exist under which 
the symbiotic fungus is absolutely indispensable, in conformity 
with the data of N. Bernard and of Burgepf. Moreover, since the 
‘‘synthetic’’ medium of Knudson contains potato starch as the 
source of carbon, the presence of vitamin impurities in the starch 
is not excluded. Natural potato starch, untreated and unpurified, 
certainly contains some such impurities. 

How can we represent the mode of action of the fungus ? When 
the medium contains insoluble carbohydrates and these are not 
directly utilizable by the orchid seedling, the living fungus acts 
by digesting the starch. If the sugar is not all used up by the 
fungus, the orchid plant has some at its disposal. 

However, a living fungus is not necessary under certain cultural 
conditions. Burgeff (1936) obtained germination and develop- 
ment of seedlings of Phalaenopsis and Evuanthe by replacing the 
living fungus with an extract from it. The growth was propor- 
tional to the amount of extract added. At this point the apparent 
specificity of the symbiotic fungus disappeared. Any of the symbi- 
otic fungi are able to bring about the germination of seeds. With 
an extract of the mycelium of the mycorrhizal fungus Rhizootonia 
Stuarti, Burgeff was able to obtain germination of seeds of 16 dif- 
ferent hybrids of Phalaenopsis, Thus the action is not that of a 
specific substance as was believed originally. Activation may like- 
wise be effected by extracts of wheat germ, or better yet of yeast. 

Thus the problem is placed in its true perspective when we 
say that, as in the case of auxo-heterotrophic microorganisms, the 
orchid embryo suffers an avitaminosis which can be compensated 
by supplying the medium with the missing factor which the 
plant is no longer able to synthesize. On a medium without vita- 
min growth factors, cell divisions are arrested from the beginning. 

Apparently the mycorrhizal fungus serves as a source of vita- 
min factors. From this point of view it is a matter of auxo-auto- 
trophic fungi. Actually, the author has experienced no difficulty 
in culturing different species of Rhizoctonia on synthetic media 
without the addition of any growth factors. Although the sym- 
biotic fungus is not the only source of vitamins, this action is the 
most important one. 

These new results caution us in interpreting culture experiments 
on a so-called synthetic, agar medium. Impurities of a vitamin 
nature can be supplied not only by the starch but also by the agar 
(Robbins). The most important problem now is that of identi- 
fying the active substance. Burgeff ascribed to it the following 
general properties ; soluble in water and in absolute alcohol, insol- 
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uble in ether, thermostabile, resistant to oxidation by H 2 O 2 , re- 
sistant to the action of ultra-violet rays, capable of bein^ adsorbed 
by animal charcoal but not by filter paper or Fuller's earth. These 
are g^eneral properties, which indicate that this growth factor differs 
from all other known factors. Still it must be a growth factor 
since Burgeff, by concentrating the active substance obtained a 
product (beginning with yeast) active at a concentration of 300 y 
per cc. of medium. With this concentration it is possible to pre- 
vent symptoms of avitaminosis in Vandae. 

SCHAPFSTEiN (1938), a student of Bxjrgefp, again took up the 
problem from the point of view of growth factors. As might be 
foreseen, the development of Phalaenopsis seedlings can be stimu- 
lated by extracts of various tissues : stem, leaf, root of Vida Faba, 
coleoptile and vegetative tip of Avena, as well as the extracts of 
Rhizoctonia 'mucoroides and those of baker's and wine yeasts. It 
is sufficient that the favorable dose be found. A very small dosage 
is inadequate, whereas too large a dose can induce phenomena of 
inhibition. 

Comparative experiments with the concentrations varying from 
0.02 to 2.5 g. of extract per 50 cc. of medium show that the devel- 
opment of orchids occurs with the following extracts : pith of 
Aesculus, bark of Aesculus, stem of Asparagus, root disk of Allium 
cepa, epicotyl of Pisum, stem of Cucurhita, seeds and stem of Vida, 
The extract from the seeds of Vida are much more active than 
that from Rhizoctonia mucoroides. Attempts to concentrate the 
extract were carried out particularly with the seeds of Vida, An 
aqueous extract is prepared; a treatment with animal charcoal 
adsorbs the active substance and separates it from the inhibitory 
substances contained in the crude extract. An elution can be 
effected with aqueous alcohol. The active factor can not be pre- 
cipitated by lead acetate in an acid or alkaline medium. As had 
already been observed by Burgeff, the orchid factor can not be 
replaced by any other known vitamins, such as Bi, B 2 , A (Vogan), 
or D (Vigantol). The female hormone is likewise inactive. The 
same is true of preparations of biotin, extracts of egg yolk, and of 
lecithin. It is apparently unnecessary to include the auxins as a 
possible cause. It is true, many vitamins, identified and obtained 
in the crystalline state since 1938 (Be, pantothenic acid, etc), have 
not been tested. The extract purified by animal charcoal is still 
active in the concentration of 1 : 1,000,000, although the optimum 
concentration is 1 : 100,000. With 160y of extract from seeds of 
Vida added to the basal medium, the percentage of development 
reaches 50 in the hybrid Phalaenopsis Schilleriana X P. amahilis 
and 90 in JDendrohium Phalaenopsis, 

SCHAFFSTBIN succeeded in demonstrating that the seed of 
Phalaenopsis contains very little vitamin, as would be expected ; 
on the other hand, the green parts of a full-grown plant are rela- 
tively rich in vitamin. It is thus during the early development, 
which is of a saprophytic nature, that the avitaminosis appears. 
At this time the seedling is dependent on the fungus or on the 
extract added to the medium. 
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The problem now is to determine the mode of action of this 
unknown vitamin. Burgeff had previously observed that absorp- 
tion of nutritive materials is still possible in the absence of growth 
factors but that no cell divisions occur. Cytological observation 
shows that the cells of the growing point of the undifferentiated 
embryo die of an avitaminosis. Because of the failure of develop- 
ment, an accumulation of starch occurs in the other cells and nu- 
clear hypertrophy appears. Despite the fact that it would be 
natural to suspect the absence of a substance specific for cell divi- 
sion, it is probable that the principal active substance is a vitamin 
(according to our definition) acting on the assimilatory power. If 
such a substance is lacking, cell division can no longer take place. 
At present it is difficult to draw any conclusions regarding the 
nature of the action since the substance or substances are not 
identified. Possibly a combination of factors is involved, some of 
which are vitamins (affecting assimilation) whereas the others 
are specific hormones (affecting structure and cell division; sub- 
stances of the traumatin type) . 

In conclusion it may be pointed out that because of these experi- 
ments the orchids have lost the exceptional place that they once 
occupied. In the last analysis, the fundamental phenomena of the 
physiology of germination are the same in orchids as in Pisum. 
If the embryo of PisuTn is rendered partially heterotrophic by pre- 
mature removal of its cotyledons, it will likewise incur an avita- 
minosis. To a certain degree it is also dependent on vitamins 
which must be added to the culture medium. Orchid seeds are 
characterized by a normal physiological avitaminosis, brought on 
because of the absence of reserves, and by the ingenious method 
devised by them to utilize the contribution of the auxoautotrophic 
fungus that has become symbiotic. This unusual case of symbi- 
osis has been investigated very thoroughly. 

The case of bacterial nodules, produced on legumes by Rhizo- 
bium, may likewise give way to a similar interpretation. The 
growth factor requirements of Rhizobium have been studied (p. 
160). We have recognized the necessity of “coenzyme K” which 
may be replaced by biotin, and under certain conditions thiamin 
may likewise come into play. These growth factors are undoubt- 
edly furnished by the host plant, which is amply supplied with 
them. McBurney, Bollek, and R. J. Williams (1935) pointed 
out that Rhizobium meliloti produces appreciable quantities of 
pantothenic acid. Cultures of alfalfa on a synthetic medium with- 
out bacteria are very much benehtted by the addition of this acid. 
It is tempting to conclude from this that the pantothenic acid 
produced by Rhizobium is utilized by legumes. There would thus 
be an exchange of growth factors, a character of true symbiosis: 
the bacterium receives biotin and liberates pantothenic acid. This 
exchange is entirely possible. However, the pantothenic acid em- 
ployed in the experiments on alfalfa culture was only a concen- 
trate (1935) and it is not certain whether the action observed was 
specific for pantothenic acid or was due to impurities. At any 
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rate these results indicate the direction that future experiments 
should assume. 

Symbionts of Insects, — This subject is outside the scope of 
our book but the parallelism between the results obtained with 
symbionts of orchids and those of insects is so remarkable that 
we can not overlook it. The investigations of Koch as well as 
those of W. Schwartz (1939) and his collaborators (Bode and 
Resuhr) have contributed much to the clarihcation of this subject. 

Koch (1933) was the first to introduce the concept of vitamins 
in this field. The symbionts of insect lai*vae are principally bac- 
teria and saprophytic fungi, a large number of which are known 
to be auxo-autotrophic. The larvae of Sitodrejoa (a lignivorous 
beetle) contain chiefly yeasts as symbionts. In aseptic cultures 
these larvae do not develop without yeasts. The living symbionts 
can be replaced by extracts of concentrated yeast (Cenovitan), as 
well as by extracts of wheat germ, whose richness in vitamins is 
known. As is the case of orchids, no specific substance is involved, 
since the substance or substances responsible for the observed 
effect are widely distributed in the plant kingdom. 

The attempts at identification of the active substances did not 
succeed immediately. An absorbate of vitamin Bi (on Fuller’s 
earth) does not replace yeast extract. Vitamin A (Vogan) and 
D (Vigantol) have no effect. The thermostability of the active 
factors is remarkable; heating at 170°C. for two hours has no 
effect on the strength of the vitamin. It is certain that we are 
dealing with a constellation of vitamin factors. In 1933 Koch 
pointed out the existence of at least two factors differing in their 
solubility and recently he stated that this symbiosis involves vita- 
mins Bi, Ba, Bs, bios, and a factor in the B group not yet identified. 

It has been repeatedly demonstrated that vitamins are required 
by insects when grown aseptically. Yeast extract is indispensable 
for Drosophila (larvae) cultures (Guyenot). Vaist’t Hoog has 
determined precisely the required culture conditions and has shown 
that the yeast extract, replacing the bacteria, acts through vita- 
mins Bi and Bg which it contains, as well as through sterols (as 
originally demonstrated by Guy^inot) . Drosophila larvae in asep- 
tic culture may thus serve as test objects for the quantitative deter- 
mination of thiamin. It is also possible to follow the thiamin 
metabolism in the rat by means of this method (van’t Hoog, 1935) . 

Nicotinic acid is another growth factor in insects (Rubenstein 
and Shekun. Thiamin and riboflavin are required by mosquito 
larvae (Trager and Subbarow, Sergent). (For literature on the 
vitamin requirements of insects see Frobrich, 1939, Offhaus, and 
Steinhaus, 1940). 

With insect symbionts we meet the same phenomena and ex- 
planations as for the symbionts of higher plants, since the same 
growth factors as those encountered to date in higher plants and 
in microorganisms come into play here. 

It must be pointed out, however, that many cases of symbiosis 
in insects can not be explained by a vitamin action of the symbiont. 
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Parasitism. — In this field the concept of growth factors did 
not lead to any new interpretations. We have established the 
fact that general heterotrophism and auxo-heterotrophism do not 
always run parallel. Many saprophytes and parasites synthesize 
their essential growth factors, hence it is not necessarily the need 
of growth factors that has brought about parasitism. In the Mu- 
coracecue, some saprophytic species such as Pila/ircv anomala and 
PhycoTnyces Blakesleeanus require thiamin as a growth factor and 
are similar in this respect to such parasitic species as Parasitella 
si'rwplex. Other parasitic species such as Piptocephalis Fresenianus 
can be grown successfully on a synthetic medium lacking growth 
factors. Mycohacterium tuberculosis var. hominis is capable of 
synthesizing growth factors, whereas ikf. tuberculosis var. bovis is 
no longer able to do so. Certain cases are more definite : hemophilic 
organisms are parasitic on blood because they require hemin and 
cozymase, but again the parasitic specificity is not explained. Fur- 
thermore, it might be asked whether it is the need of hemin which 
brought on parasitism, or whether the latter has arisen from other 
causes after the power of synthesizing this factor had been lost 
because it became useless in the new habitat. But here we reach 
the domain of speculation which holds no practical interest for 
our problem. 
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MICROORGANISMS AS TEST OBJECTS FOR 
VITAMINS. 

The quantitative determination of vitamins, in the pure state 
or in raw products, is made by means of bio-assays, e.g., rat, pigeon, 
guinea pig, etc., and by means of chemical tests whenever possible 
(see the excellent book by Gstirneb, 1940). 

The fundamental methods are always those which utilize ani- 
mals as test objects. Before being identified as chemical sub- 
stances, vitamins were recognized biologically by their action on 
animals which react very specifically and must always be taken 
as a basis of reference. Animal tests have the disadvantage of 
taking a great deal of time, whereas chemical tests are very rapid 
but often lack specificity. 

The fact that microorganisms react more or less specifically to a 
vitamin and that, within certain limits, the vitamin action is 
quantitative has induced biologists to use them as test objects. 
Some of them have actually attained a certain degree of popularity. 
We shall consider them briefly. 

To be useful a test object must have the following charac- 
teristics : 

(1) The microorganism must be easily cultured and must 
present a certain constancy in its cultural characteristics. 

(2) It must be able to grow on a relatively simple medium, 
and it must require only a single growth substance or a simple 
group of substances. 

(3) The duration of growth must be short. 

(4) It must be possible to measure the growth quantitatively 
(gravimetrically, nephelometrically, etc.). 

(5) It must react specifically to the vitamin studied. 

(6) It must be utilizable also with impure or crude products, 
in which the vitamin in question is found only in a very small 
amount. 

(7) It must not react too strongly to the presence of other 
substances contained in the impure products. 

Vitamin A. — There is no microbiological assay for this vita- 
min nor for carotinoids. Chlamrydomonas eugametos, which 
reacts to the presence of very small quantities of carotinoids, can 
not be used in actual practice. 

Vitamin Bi. — This vitamin may be assayed biologically by sev- 
eral different procedures. We will not discuss the animal tests here 
except to mention, in passing, the interesting test of van't Hoog, 
based on thiamin requirements of Drosophila larvae. When the 
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other factors required by this organism are present in the medium 
(sterols in particular), a quantitative determination of the vitamin 
can be made. 

Chemical tests applicable to the quantitative analysis of thia- 
min are numerous: the thiochrome test of Jansen (oxidation of 
thiamin to thiochrome and quantitative analysis of this by deter- 
mining its fluorescence in ultra-violet light) ; the formaldehyde-azo 
test of Kinnersley and Peters (reaction of thiamin with diazotized 
sulfanilic acid in an alkaline medium) ; the test of Preblxjda and 
McCollum with diazotized para-aminoacetophenone and para- 
aminoacetanilide is based on the same principle. In all these tests 
the vitamin must first of all be extracted. Willstaedt and Barany 
report a reaction of thiamin with diazotized 2,4-dichloraniline, the 
color obtained being determined with a Pulfrich photometer. Vari- 
ous colorimetric reactions are known, none of which are very 
practicable. 

The precipitation reaction with potassium tetranitritodiamino- 
cobaltate and Beinecke's salt (Rosenthaler) permits the quali- 
tative detection of thiamin. This test permits the detection of a 
very small quantity of pure thiamin (less than 5y) (SCHOPFER). 
Another precipitation test employs bismuth potassium iodide 
(Naiman) which gives a characteristic orange-red precipitate. 
Neither of these tests is specific and therefore cannot be used for 
quantitative analyses. We will not mention the other precipitation 
reactions, which are interesting from the chemical point of view, 
but are not suitable for our purpose. 

Among the biological tests, we mention first of all that proposed 
at an early date by R. J. Williams in which yeast is utilized. This 
test can not be employed in its original form because it was based 
on the belief that bios and vitamin Bi are identical. Recently yeast 
was taken up again by Schultz, Atkin and Frey (1937, 1942) 
and employed in a fermentation method. Under a given set of con- 
ditions, thiamin produces a marked acceleration of alcoholic fer- 
mentation, the intensity of which permits a quantitative determina- 
tion of as little as 0.6-4y of thiamin. While a control produces only 
185 cc. of CO 2 in three hours, the addition of thiamin furnishes 
325 cc. Although a hot alkaline treatment destroys the activity 
on animals, it leaves intact its effect on fermentation. An active 
product of disintegration must thus be formed, proving that the 
method is not specific. Actually 2-methyl-5-ethoxy-methyl-6-amino- 
pyrimidine acts as strongly as thiamin, whereas thiazole is without 
effect. Nicotinic acid (the same authors, 1938(x) exercises a weak 
stimulation in the presence of thiamin, while adenylic acid is with- 
out effect. These authors describe a technique (19386) which per- 
mits the elimination of the error due to pyrimidine. The total 
fermentation is first of all determined (due to pyrimidine plus 
thiamin), the thiamin is then oxidized into thiochrome which has 
no effect on the fermentation and the rest of the fermentation is 
due to the pyrimidine and is deducted from the total value. The 
best results are obtained with this test when the thiamin content 
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is between 2 and 5y. The method, when accompanied by proper 
attention to several important details, is applicable to numerous 
raw materials (Heyns). 

In regard to yeast, it is necessary to mention the interesting 
observation of Haag and Dalphik (1940). Mycolevure of Due- 
LAUX as well as other yeasts {Hansenula anoTnala var. productiva 
for example) accumulate pyruvic acid on a synthetic medium with 
a saccharose base neutralized with CaCOs. Haag and Dalphin 
observed that the addition of a trace of cocarboxylase reduces the 
pyruvic acid content of the medium; even O.OOOOSy is active and 
with O.OOOSy the acid is no longer formed. It is probably possible 
and practical to determine the cocarboxylase contained in a natural 
product. 

A Staphylococcus test has been proposed by WEST and WiLSOK 
(1938). It will be recalled that S. aureus (Knight, Kogl and V. 
Wagtendonk) requires thiamin, nicotinic acid, and especially 
biotin. West and Wilson made use of this test to detect the 
presence of thiamin in Rhizobium trifoUL The basal medium must 
naturally contain nicotinic acid and biotin (the authors used hydro- 
lyzed casein) . Under these conditions the bacterial growth, meas- 
ured with an electrophotometer, is proportional to the quantity of 
vitamin. This test is very sensitive since as little as 0.5 micro- 
gamma can be detected by it. The growth curves as a function 
of the quantity of vitamin obtained with pure thiamin and with an 
extract of hog liver, are satisfactory. The method must, however, 
be applied carefully with regard to the constancy and stability of 
the bacterial culture and to the constitution of the basal medium 
with hydrolyzed casein. It has the advantage of being rapid (36 
hours). Up to the present it has not been employed extensively 
and no definite statement can be made regarding the possibilities 
of its general use. Furthermore, S. aureus reacts also to pyrimidine 
plus thiazole. 

A PropionibacteriuTn pentosaceum test has been considered by 
Silverman and Werkman (1939). It has been demonstrated 
with this bacterium that thiamin accelerates the anaerobic meta- 
bolism of pyruvic acid when the cells are deficient in this vitamin. 
The measurement of the metabolism and of its variations under 
the influence of the added vitamin should permit the quantitative 
determination of the latter. The test has not received sufficient 
experimental application to prove its merits. 

Protozoa, heterotrophic for thiamin, offer some interesting pos- 
sibilities. Glaucoma piriformis, under a definite set of cultural 
conditions, requires thiamin (whole molecule) as the only growth 
factor. The number of cells formed is, within the limits defined, 
proportional to the thiamin dosage (A. and M. LwoPF, 1937), The 
advantage of this test lies in the fact that the specificity of this 
ciliate has been adequately studied (A. and M. Lwoff, 1938). The 
authors have not described in detail a quantitative method. We 
know that MiNZ has been able to prove with this very sensitive 
test that the excitation of a nerve causes a liberation of thiamin. 
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Although it is not known to what extent this test is utilizable with 
impure raw products, it is certainly suitable for numerous 
applications. 

Fungi which are easy to culture, especially the Phycomycetes, 
promise numerous possibilities. The Phytophthora test has been 
proposed by Bobbins (1938). This Oomycete, like Glaucoma piri- 
formis, requires the whole molecule of thiamin but nothing is 
known about the possible necessity of other growth factors. Thia- 
min seems to be the essential growth factor for Phytophthora cin- 
namomi. Unfortunately this organism must be inoculated by 
means of mycelial transfer and its growth is subject to much varia- 
tion. By making use of quadruple series we have been able to 
obtain a growth curve showing the thiamin required for optimal 
growth to be 0.8y (112 mg. of dry yield) for 25 cc. of our usual 
medium; up to 40y the yield remains unchanged. Although it is 
not practicable to use this fungus for quantitative determination, 
it may be of service for a semi-quantitative determination or simply 
to detect thiamin qualitatively (Bobbins, J. Bonner). It has 
served to demonstrate the presence of the whole molecule of thia- 
min in Rhodotorula rubra grown on pyrimidine. Theoretically, it 
is not important whether a test fungus requires the whole molecule 
of thiamin or is able to utilize the two components (pyrimidine 
plus thiazole) . 

So far Phy corny ces Blakesleeauus has given the best results. 
Because of its great regularity of growth, as well as the exact pro- 
portionality between the vitamin dosage and the weight of the 
yield, the author proposed it as a test for thiamin (Schopfer, 
1935). 

In the original method, 25 cc. of medium (glucose 3 per cent, 
asparagine 1 per cent, magnesium sulphate 0.5 per cent, potassium 
acid phosphate 1.5 per cent) were used, sterilized at 115°C. for 
20 minutes, with a pH of 4 to 6. At first an attempt was made 
to construct a standard curve, obtained with various amounts of 
vitamin Bi, to serve as a comparison for the curves obtained with 
unknown products. This procedure was unsatisfactory in view of 
the many uncontrollable influences which cause variation in the 
rate of growth from one experiment to another. It was found 
necessary to work out a series of standards for each experiment, 
with the pure vitamin paralleling the series of the unknown 
product. 

The best method consists in making many series of basal 
medium with increasing volumes of the pure vitamin solutions. 
The latter are of increasing concentrations : 0.05, 0.1, 0.2, 0.3, 0-4y 
of thiamin per cc. ; each of these concentrations is supplied in 
volumes ranging from 0.05 to 4 cc. For each of the above concen- 
trations a growth curve (based on the dry ujeig'ht of the fungus 
mycelium) is obtained. Five growth curves are thus available and 
can be superimposed regularly over those obtained from the sub- 
stance being assayed. (Only one of these curves is shown in the 
figure below — the one obtained with the standard solution having 
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a concentration of 0.2 of vitamin Bi per cc.). Solutions of varying 
concentrations are prepared from the substance to be analyzed; 
each of these is supplied in increasing volumes (0.05 to 4 cc.) 
giving the same series as above. From the ^^vitamin^’ curves and 
the “unknovm-product” curves are chosen tvro which are the near- 
est to being superimposed, in order to calculate the vitamin Bi 
content of a given volume of the unknown substance (Schopfer 
and Jung, 1936) (Fig. 17). 



means of the Phycom.yces test. On the abscisse are 
the doses of thiamin in y (0.001 milligrram) . The 
heavy line (curve) represents the amount of srowth 
(dry weight of mycelium in mg.) of PhycoTnycea 
produced by the respective doses of thiamin. The 
fine lines (curves) represent the amount of growth 
produced by 8, 12, 16, 20, and 24 mg. of the sub- 
stance being tested. The vitamin curve corresponds 
with the curve obtained with 20-22 mg. of the sub- 
stance being tested; thus 20 mg. contains 20y of 
thiamin or 1 gram contains l.OOOy- 

Numerous variations of the method can be employed, especially 
in regard to the manner of making the calculations (BoNNER and 
Erickson, 1938). The following points are important: all the 
media of an experiment of one series must be prepared at the 
same time ; the inoculation must be made with the same spore 
suspension in distilled water from a well-developed, but not too 
old, stock culture ; if need be, the inoculated spores can be counted ; 
the number of spores can vary within rather wide limits without 
influencing the flnal weight of the culture ; only the rate of 
growth is affected. Furthermore, after inoculation (on the sec- 
ond or third day) it is necessary to agitate the culture in order 
to obtain an even distribution of the germ tubes ; the surface pellicle 
must be uniform and must cover the whole surface ; phototropic 
curvatures must be avoided ; the cultures should be incubated at 
about 22° Centigrade. After about 10 days, when the sporangio- 
phores have attained their maximum length, the cultures should 
be collected on weighed filters, dried at 100 °C., and weighed on an 
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analytic balance. With these conditions of culture it is possible 
to detect even 0.01 to 0.05y of the vitamin in 25 cc. of medium. 

A Phy corny ces micromethod (Schopfer and Jung, 1938) utilizes 
1 cc. of medium. The len^h of the hyphae g^rown in the small 
experimental tube is measured with the aid of a microscope and 
compared with that of the pure vitamin series. The method is 
less precise but permits detection of as little as 0.0004y of thiamin. 
By this test we have been able to show the differences existing in 
the vitamin content of organs of normal rats, and of those suffer- 
ing from avitaminosis. 

The PhycoTYiyces method was adopted after a detailed compari- 
son with the animal test (Schopfer and Jung, 1936). The follow- 
ing table gives the results obtained with a number of substances 
varying considerably in vitamin content. The agreements are 
generally satisfactory, even when the vitamin content is low (for 
example, 1 international unit) . 

TABiiE XVII. — Thiamin content of various products determined by the 
Phy corny ces test and by the animal test 
(from Schopfer and Juisro, 1936). 



International units per gram 

Product 


Rat 

Phycomyces 

Pure crystalline: 

(2) Crystalline vitamin (van Roche) 


200,000 
250- 300,000 

200,000 

333,000 

(2) Crystalline vitamin (van Veen) 


200,000 

200,000 

(3) Standard = one International unit 

(U.I) 

1 XJ.I = 2-3 
micrograms 

1 U.I = 2-3 
micrograms 

Concentrates : 

(4) 2909/4 (Roche) 


625 

500 

(5) 3163/4 {id,) 


2,050 

2,000 

(6) 3163/6 {id,) 


10,000 

11,400 

(7) 3163/8 {id,) 


30,000 

27,000 

Extracts of yeast: 

(8) N.C. 2 (Wandbk) 


32 

35-40 

(9) A.C. 2 (U.) 


7 

4 

(10) N.C. 4 (id.) 


1.6 

1-1.0 

(11) A.C. 4 (id.) 


5-7 

10-12 

(12) Yeast extract, autoclaved and dried 


0 

10 

Extract from wheat germ; 

(13) Concentrated extract, strictly from 

germs 

5.3-6 

6.8 

Malt extract: 

(14) Malt extract (Wander) 


1.2 ± 0.15 

1.0 

Extracts from polishings of rice; 

(15) R.K.E. (Wander) 


6 

rr 

(16) id. 


12 

14 

(17) id. 


15 

16-17 

(18) id. 


19; 19.6 

18-19 

(19) id. 


15.4; 17.5 

25 

(20) id. 


15; 16 

18-19 

(21) id. 


14; 16 

16 

Malt preparations: 

(22) N. (Wander) 


1 

2 

id. 


1; 1.3 

2.5-3 

id. 


1; 1.5 

3-5 
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(23) 

C. (id.) 

1.4 

2—2.0 


id. 

1.5-2 

3-5 

(24) 

L. (id.) 

1.5-2 

3-5 

(25) 

Cc. 

1.5-2 

3-4 

(26) 

Ch. 

1.8-2.2 

2.5 

(27) 

M.C. 

2 

2.5 

(28) 

H.M.M. 

1 

1 

(29) 

B.V. 

1-1.5 

1.5-2 

Mixtures of extracts from malt and yeast: 



(30) 

H.M. (Wander) 

10-13 

10 

(31) 

H.M. (id.) 



(32) 

One year old 

10-12 

10 

(33) 

He. id. 

8-9 

4-6 

Mixtures of yeast extracts and malt preparations : 



(34) 

H.50 (Wander) 

4-5 

8 

(35) 

H.33 (id.) 

2.8 

4-5 



3.2 

5 

(36) 

H.l (id.) 

1.1 

4 

(37) 

H.2 (id.) 

1.5-1.8 

5-6 


If necessary, an adsorption with. Fuller’s eartli can easily be 
made; only the eluted fraction is assayed (Faguet, 1937). This 
eliminates the disturbances caused by the other substances of 
the crude product. 

Causes of Errors. — The most important error is caused by 
assimilable nitrogen, carried possibly by the raw material. We 
have seen (p. 103) that by raising the asparagine content of the 
medium the effect of a given thiamin dosage is augmented. There- 
fore the “unknown substance”- and the “vitamin”- curves will 
no longer be comparable. It is possible to compensate for this 
source of error by comparing the curves only in their lower ascend- 
ing portion, where the volumes of the substances utilized are small. 
Furthermore, it is possible to reduce the effect of the nitrogen in 
crude products by using a medium very rich in nitrogen (with an 
increased asparagine content) . 

Another cause of error lies in the fact that not all the thiamin 
of a product is always available to the microorganism. It may be 
masked (adsorbed). In this case, it is necessary to liberate it. 
This can generally be partially accomplished by autoclaving. Phy- 
comyces has the great advantage of being able to utilize the 
products made available by this treatment. The reaction of Phy-- 
comyces to blood is a great deal more marked when the blood is 
added to the medium before sterilization than when added sub- 
sequently. 

One possible cause of error is due to prolonged autoclaving. 
This can result in thermal decomposition and even complete de- 
struction of the thiamin. An exhaustive study with the formal- 
dehyde-azo and the thiochrome tests have shown that autoclav- 
ing for 20 minutes at 115°C. does not modify perceptibly the 
vitamin, if the medium is slightly acid or neutral. The nature of 
the effect of autoclaving on a crude product is unknown, although 
experience has shown us that, generally, a destruction of thiamin 
need not be feared. It is impossible to assay a product which 
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alkalizes the medium or one which through sterilization gives rise 
to alkalizing substances, since the vitamin is rapidly destroyed. 

Failure to observe the directions indicated above is responsible 
for other errors. 

Specificity of the Phycomyces test. — The specificity of the 
action of thiamin has been studied previously (p. 119) . Within the 
limits of biological quantities, it is evident that the substitution 
products, the analogues, the homologues and the heterovitamins 
generally are active only in large amounts. It is uncertain that 
they occur in nature. On the other hand, it is necessary to recall 
that thiamin is quantitatively replaceable by the pyrimidine + 
thiazole combination. Again it is uncertain that the two thiamin 
components are found in any quantity in nature. We know 
(Schopfer and Muller) that thiamin can undergo thermal dis- 
integration upon prolonged sterilization, which destroys its effect 
on animals but not on Phycomyces. The latter test is therefore 
useless with a substance that has undergone prolonged autoclaving 
before testing (see product No. 12 in table XVII), since it does 
not assay thiamin but instead the disintegration products which 
are active only on the fungus. If the thiamin is destroyed com- 
pletely, the test will no longer give any reaction. The observation 
of Leonian and Greene that some organic acids (particularly fu- 
maric acid) and some metals have a marked effect on Phycomyces 
is cautioning. The test is useless if these acids are added to the 
basal medium. The Z factors of Robbins must also be considered 
although it seems improbable that they should give much trouble 
in the biological assay of thiamin. This test is certainly capable 
of modifications and improvements; it can be changed to accom- 
modate each new discovery. 

Comparison of the specificities of various tests. — It is known 
that the results of various tests, i.e., animal and thiochrome, some- 
times vary considerably (Pyke). For assaying the complete mole- 
cule of thiamin, the Phycomyces test has as great a specificity as 
the thiochrome test. We have shown that many substitute vita- 
mins, still possessing the NHg group in position 4 of pyrimidine 
and H in position 2 of thiazole, react positively to the thiochrome 
test in the same manner as thiamin does, even though they have 
little or no effect on Phycomyces. Cocarboxylase has the same 
effect on Phycomyces as thiamin. It also reacts to the ordinary 
thiochrome test. However, one modification of the thiochrome test 
permits separate titration of cocarboxylase and thiamin (Westen- 
BRINK) . 

It would be very interesting to make a systematic and ex- 
haustive comparison of the various tests: Phycomyces, animal, 
thiochrome, and formaldehyde-azo. 

Aside from its use in purely scientific research, the Phycomyces 
test has been applied extensively. It has been employed with 0.4 
per cent asparagine for the determination of thiamin in the blood 
by Meiklejohn (1937), Sinclair (1939) , Rowlands and Wilkin- 
son (1938), Morell (1938), Guhr (1939), and Tangari (1940). 
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Gxjhr points out that it is accurate within ztz 8 per cent per 1-2 cc. 
of blood. Faguet employed it with success in assaying various 
substances, after having carried out a preliminary adsorption and 
suggested that the animal should be replaced by the Phyco'myces 
test. By means of the latter test Villela (1939) was able to 
detect thiamin in cerebrospinal fluid as well as in various plant 
products (Paraguay tea, etc.) (1938 a, 6). The Phy corny ces test 
is applicable to urine only with precautions. Makcq and Manil 
(1939) found good agreement between the chicken and Phyco- 
myces tests as far as yeast extract is concerned. 

Recently, R. Thren (1941) has made a critical and detailed 
study of the Phy corny ces test from the data of SCH offer and his 
collaborators. By carefully applying the precautions prescribed, 
he concludes that the test is perfectly utilizable and gives precise 
results. He is one of the first biologists who recognizes, in accord- 
ance with the findings of Schopfer, the great importance of the 
nitrogen content of the medium to the action of thiamin. 

Still other microorganisms are utilizable. Ustilago violacecu 
would be the most delicate test for thiamin were it not so sensitive 
to numerous factors (for example, cotton falling into the medium 
is a source of growth factors for it) . This organism is not recom- 
mended because of the multiple precautions that it necessitates. 

Rhodotomlcu mhrou permits the detection of pyrimidine, and 
Mucor Ramanniamis of thiazole, providing preformed thiamin can 
be eliminated. 

Riboflavin. — We have seen that the specificity of the action 
of flavines on the lactic acid bacteria (p. 155) is rather definite 
and approaches that on animal cells (Snell and Strong, 1939). 
Good agreement between the lactic bacteria assay and the rat 
growth method has been reported by numerous workers (Elveh- 
JEM and coworkers, Mickelson et al ., Emmet and coworkers) 
{cf. R. J. Williams and coworkers, 1941). Although the complex 
constellation of factors required by the lactic acid bacteria reduces 
their usefulness for a quantitative analysis of flavines, they are 
satisfactory for the assay of a wide variety of products. This 
microbiological method determines not only riboflavin in the free 
form, but also in the combined forms (coenzymes and enzymes) 
(Snell and Strong, 1941). 

Fyridoxine (Bq). — Moller, using StreptohacteTiiMm planta - 
rumy obtained very regular growth curves as a function of the 
pyridoxine dosage employed. The specificity of action is sufficiently 
exact (p. 156). 

With the same reservations as for riboflavin, a lactic acid bac- 
terium can serve as an almost quantitative test for this vitamin. 
A method has recently been announced by Landy and Dicken 
(1942) in which Lactobacillus casei is used for the assay of six B 
vitamins — pyridoxine, riboflavin, biotin, pantothenic acid, folic 
acid, and nicotinic acid. 

R. J. Williams and coworkers (1941) have proposed a method 
in which the ^‘Gebriider Mayer’" strain of Saccharomyces cerevisiae 
is used as the best organism for pyridoxine. These authors report 
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that the method gives consistent results and recoveries. They are 
of the opinion that it acts as a quantitative test for free pyridoxine 
and that it has a greater degree of specificity than the animal test. 

Nicotinic acid. — The BacteriuTn proteus test can be used with- 
out reservation in assaying this vitamin. This bacterium requires 
only nicotinic acid for its growth and, within certain limits, reacts 
quantitatively to it. Fraser, Topping and SebrelLc first proposed 
this organism as a test object for this vitamin- LwoFF and Qubr- 
IDO (1938), utilizing the observation of Fildes, point out that 
B, proteus is entirely suitable for the bio-assay of nicotinic acid. 
The growth is measured with a nephelometer, and the growth 
curves obtained as a function of the concentration are regular. 
B. proteus can be used not only in the determination of nicotinic 
acid and its amide but of all the substances acting as antipellagra 
vitamins for animals. The assay includes not only nicotinic acid 
and its derivatives, but also the codehydrogenases (nucleotide with 
a nicotinic acid base) . This method has been employed successfully 
with blood, both normal and pathological (LwoFF, Querido, La- 
taste, Albeaxjx-Fernet) . 

Snell, and Wright (1941a) have described a method of assay 
for nicotinic acid in which Lactobacillus arahinosus is used. Re- 
sults obtained by this method agree reasonably well with those 
obtained by the dog assay and certain chemical methods (see 
Snell and Wright, 19415). 

Vitamins C, D, E, and K. — No microbiological test has been 
found for any of these vitamins. In the case of vitamin C it 
would not even be of interest since we have already a very practical 
titration method with the Tillmann reagent. 

Biotin. — A very precise quantitative analysis of biotin (KdgFs 
method) is possible with SaccharoTriyces cerevisiae (Race M). 
Various methods employing yeast as a test for biotin have been 
proposed. Snell, Eakin, and Williams (1940) have described a 
practical procedure whereby biotin can be rapidly and accurately 
assayed. Nematospora Gossypii, requiring biotin and inositol 
(Bijston and Pramanik, Kogl and Fries), can also be used for 
the detection of biotin (Robbins and M. Bartley-Schmidt, 1939). 
The basal medium in such a case must contain inositol. 

Pantothenic acid. — A biological assay of this substance ap- 
pears possible since it is required by a number of organisms. R. J. 
Williams and his collaborators (1940) employ yeast as well as 
Streptococcus lactis, Lactobacillus casei e, Bacillus brassicae, 
and Propionihacteriuori pentosaceum. Pelczar and Porter (1941) 
have proposed Proteus Morganii as a test object for the assay of 
this vitamin; it is sensitive to as little as 0.0001 y per cc. 
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Inositol. — A microbiological assay method for this factor in 
which yeast (“Gebriider Mayer” strain of Saccharomyces cere- 
visiae') is used as the test organism has been described by R. J. 
Williams and coworkers ( 1941 ). 

Folic acid. — Two microbiological assays are now available for 
this factor (Snell and Peterson, 1940; Mitchell and Snell, 
1941). 

Discussion of bio-assays. — As a rule, all organisms requiring 
growth substances can be used in the qualitative determination of 
a growth substance, and with a complete basal medium a quanti- 
tative determination is theoretically possible. Only practical rea- 
sons determine whether to employ or reject a test organism. 

Higher plants, because of the slowness of their growth and 
because of the numerous inherent difficulties in their culture on 
a sterile synthetic medium, are unsatisfactory as test objects. 

Our experience indicates that one should not expect too much 
from these microbiological tests. Their value must be examined 
in each particular case and the results must always be studied 
critically. A microorganism can not be handled in the same way 
as a chemical substance in a test tube and a biological reaction can 
not be detected as readily as a colorimetric one. We maintain, 
nevertheless, that some of them have occasioned notable progress 
in the knowledge of vitamins. The vitamin Bi content of the blood 
of a living individual can be determined only with the Phy corny ces 
test. In the same way, the B, proteus test discloses the evolution 
of nicotinic acid in the blood. 
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CONCLUSION 


It can no longer be doubted that vitamins are essential factors 
for the growth of plants. They are regulators for metabolism and 
serve to establish chemical relations between the various organs 
of a complex plant. The need of vitamins is due to a loss of the 
ability to synthesize them. When this condition prevails the plant 
reacts like a heterotrophic animal. The reactions of plant and 
animal cells are similar, for the fundamental functions of vita- 
mins are the same in the two kingdoms. The only aspects that 
differ are the morphological expressions to which the vitamin de- 
ficiency gives rise. In an animal, a complex and highly differen- 
tiated organism, an avitaminosis expresses itself in an extremely 
complex manner. The disturbances of metabolism and of cellular 
equilibrium, which are the first and most fundamental symptoms of 
an avitaminosis, affect not only the functions of the various organs 
but also their structure. 

An undifferentiated unicellular microorganism can not dis- 
play a complex avitaminosis; there is only one possible reaction — it 
stops growing. 

From a biochemical viewpoint there are no differences of re- 
action between animals and lower plants. At all phylogenetic levels 
the requirements of living matter are approximately the same 
regardless of the structure of the organism. By using a vitamin 
particularly suitable for this demonstration, we are able to establish 
a line which cuts across all phyla of living organisms, irrespective 
of their classification, from bacteria to higher vertebrate animals. 
The same must be true for other vitamins. 

It should be emphasized that this field is the meeting ground 
of specialized sciences whose relation could only be suspected at 
the end of the last century. Organic chemistry, enzymology, vita- 
minology, human, animal, and plant physiology, meet again toj 
solve fundamental problems. In order to understand the problem 
of vitamins in all of its ramifications it is no longer possible to 
confine oneself to one field. The plant physiologist has learned 
from his confrere, the human physiologist, what an avitaminosis 
and a vitamin is. The plant physiologist in turn has shown that 
plants are the seat of the biosynthesis of vitamins and thus has 
established a new intimate relationship between two kingdoms. 
The biochemist, by establishing the chemical structure of vita- 
mins, has been obliged to create new groups of chemical com- 
pounds. The enzymologist finds to his surprise that these vitamins 
are nothing but the active portions of enzymes which have been 
studied for a long time. The microbiologist, who for years had 
been trying, without success, to isolate the “growth factors’’ of 
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his microorgranisms, proved that typical animal vitamins were the 
factors he was looking' for. The concept of growth factors (in 
the exact sense) conforms with that of vitamins (in the strict 
sense) and is identical with it. 

The held is capable of many applications. It may be possible 
in the near future to grow on synthetic media such organisms as 

Erysiphales (powdery mildews) and Uredincules (rusts), which 
up till now have resisted all such attempts. In short, the problem 
treated here is the place for an ideal collaboration of various biol- 
ogists, More than any other problem, it proves the importance 
and the necessity of general physiology. 

The problem of vitamins started with man and, in the last 
analysis, it returns to man after an apparent departure from him. 
All the progress accomplished in this domain contributes to a 
better understanding of the problem in general and ultimately to 
human well-being. 

To speak of the well-being of Man at this time seems to be 
macabre humor. Why is it that skilful men from different nations 
can solve problems in fundamental biology but can not do so when 
the matter directly concerns themselves? The qirestion remains 
unanswered. 


Additions 

Note 1 {cf. pag-e 135) : — Rhizopus suinus, whose growth is inhibited by 
thiamin (see p. 104), responds to i-inositol which functions as a growth factor. 
The latter bring*s about a 50 per cent increase in dry matter production in 
cultures grown without thiamin. In cultures grown with and inhibited by 
thiamin, i-inositol, after a certain period of development, nullifies the inhibit- 
ing action of thiamin. The action of i-inositol on cultures grown with and 
without thiamin is dependent upon the age of the culture, the composition of 
the medium, and the temperature. 

The period of inhibition by thiamin is preceded by a short period of 
acceleration when thiamin actually functions as a growth factor. The passage 
from the stage of acceleration to that of inhibition is a function of time, being 
rapid at 36° and proportionately slower at temperatures of 29°, 22-24°, and 
18° C. During the period when thiamin exerts a stimulating effect, a positive 
action of inositol occurs in addition to that of thiamin (synergism). During 
the period when thiamin has an inhibiting effect on growth, this action is 
nullified by the stimulating effect of inositol (antagonism) (Schopfer, 1942). 

The specificity of action of ^-inositol is very pronounced. This compound 
cannot be replaced by any of the following substances: scyllitol (which differs 
from i~inositol only by the position of an OH) (Posternak), mytilitol, quer- 
citol, quebrachitol, inosose (obtained biochemically by Kluyver or chemically 
by Posternak), or cyclohexanol. 

These investigations again demonstrate the relativity of the capacity for 
synthesis and of the vitamin requirements of the organism. 

Note 2 (cf. p. 135): — SCHOPFER and Blumer (1942) have shown that, 
under certain conditions, purified biotin acts as a growth factor for Tricho- 
'lihytoti cUbutrc, The growth factor requirements of this species are condi- 
tioned by the composition of the medium and the age of the culture. When 
the cultures are supplied with asparagine, biotin is required only during the 
early stages of development. The growth of the controls soon equals that 
of the cultures supplied with biotin. When the cultures are supplied with 
ammonium sulfate, biotin is required until an advanced stage of develop- 
ment has been reached. When ammonium citrate is supplied to cultures, the 
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controls remain poorer throughout an incubation period of 24 days than the 
cultures supplied with biotin. This organism is able to synthesize a certain 
amount of biotin but not enough for noi*mal development. The capacity for 
synthesis varies with the age of the culture and the nitrogen source. This 
characteristic must be looked upon as a function of time and of the com- 
position of the medium. Thus we see that Trichophyton. cUhtim, cultured on 
the usual medium of the author (glucose, asparagine, magnesium sulfate, 
and potassium acid phosphate), requires only thiamin as a growth factor. 
By changing the composition of the medium the following become necessary 
for maximal dry matter production: thiamin, biotin, i-inositol, and pyridoxine 
(SCHOPFER and Blumer). 

Recent work of Robbins and Ma (1942ct. and c) concerning the vitamin 
deficiencies of several species of Oercutostomellcv {Graphium') and related 
fungi reveal the following facts: thiamin and pyridoxine are required by 
C. psetcdo-tsugae, C. pilifera, C. rnnltian-rmlcttcUy C. plurianmilata, C. fimbria/tcc 
(in this case pyridoxine can be replaced by biotin), and Ophio stoma catonia- 
nwm; thiamin, pyridoxine, and biotin are required by C. picea-perda, C. peni- 
cillata, C, microspora, C. montium and O. ips; thiamin and biotin are required 
by C. pirui and C. ohscura; pyridoxine alone is required by Grosmannia serpens; 
thiamin alone is required by C. stenoceras, Endoconidiophora parcudpxa, E. 
coemlescens. Several of the species studied require additional factors supplied 
by malt extract, but the identity of these factors was not investigated. 

The specificity of action of pyridoxine on C. ulmi was studied by Robbins 
and Ma (1942&) and found to be very pronounced. 
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^biotin biosynthesis, 184-185 

• — - — cysteine, effect on, 185 

^glutathione, effect on, 185 

energy balance in, 4 

estrone action on, 218 

growth on synthetic medium, 19 

^heteroauxin, action on, 217 

heteroauxin, presence in, 216 

heteroauxin, possible r61e in. 217 

metals, action on, 22, 23 

nitrogen balance in, 4 

pimelic acid, specificity of action, 185 

reducing substances in, 176 

riboflavin synthesis in, 97. 149, 200, 205- 

207 

Strigoinonas action on, 246 

^thiamin autotrophism, 116, 204 

— Oryzeae, growth in synthetic medium, 4 

metabiosis and “sake” production, 247 

Autoauxone, defn., 3 5 

Auximones, relation to vitamins, 2. 223 
Auxin, action, 218 
— classification, 36 
— general discussion, 216 
— oi'gan formation, 75 
. — root formation in Pisum, 29 

Auxo-autotrophic fungi. contamination by 
yeast, 246 

Auxo-autotrophic organisms, vitamin produc- 
tion in soil, 224 

— vit. relations with other organisms. 226 

Auxone, defn., 35 

Avena, 

coleoptile, carotinoid function in, 85 

growth factors foi* Phalaeno 2 >sis, 252 

— sativa, ascorbic acid synthesis, 95 
Azafrin, synthesis in M ycobacte riuui Phlei, 82 
Azolla filicutoides, growth stimulation by auxi- 
mones, 1 

Azotobacter sp., agar action on, 21 

^auximones action on, 223 

growth factor x-equirements, 166-167 

minex’al elements action on, 22, 166 

physico-chemical properties of mediuin, 

166 

thiamin content. 167, 225 

vit. content. 160 

— ehroococcum, nitrogen fixation, 1 
pi'ovitamin D synthesis in, 44 
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sterol content, 181 

“B SUBSTANCES”, DEFN., 35 

Bacillus antKracis, physiological mutation, 212 
— bifidus, ascorbic acid synthesis, 176 
— hotulinus, ‘‘sporogenes vitamin” required by, 
140, 146 

tryptophane required by, 146 

— hrassicae, pantothenic acid requii'ed by, 134 

pantothenic acid test object, 266 

riboflavin synthesis, 150 

— Delbriickii, thiamin mechanism of action, 189 
- — influenzae y blood requii'ed by, 170 

cystine, replacement of hemin, 172 

growth factors required by, 168, 175, 206 

Stavhyloccus aureus stimulation, 245 

— lactis acidi, growth factor requirements, 151 

pantothenic acid required by, 134 

riboflavin action on, 150 

riboflavin specificity of action, 155 

— mesentericus, milk action on, 149 
— prodigiosus, ascorbic acid synthesis, 176 
— pyocyaneus, physiological mutation, 212 
— radicicola (see also Hhizobium) ^ nitrogen 
fixation, 1 

— raynosus, and metabios is, 247 
— subtilus (see also hay bacillus) , ascorbic acid 
action on, 177 

milk action on, 149 

- — — thiamin autoti'ophism, 107 
— tetanic inhibition by xmfavorable rH, 20 
Bacteria, ascorbic acid action on, 177 
— bios requiring, 133 
— carotinoid content, 43 
— carotinoid synthesis, 81-^83 

— cholesterol and vit. D relationship in, 181 
— growth factors in peptone, 26 
— pantothenic acid action on, 134 
— riboflavin content, 51 
— thiamin, economic coefficient, 111 
— thiamin requiring, 107 
— vit. Bi content, 49 
— vit. heterotrophism, 17 

Bacterium acetylcholini, nutritional reqxtire- 
ments. 150, 164, 206, 207 
—adgerens, thiamin autoti'ophism, 107 
— aerogenes, adaptive enzyme production, 201 
— auxinophiluyn, heteroauxin action on, 217 
—hijidwm, growth factors in milk, 149 
— coli (see also Escherichia coli) , adaptive en- 
zyme production, 201 

ascorbic acid action on, 177 

ascorbic acid transformation, 177 

heteroauxin action on, 217 

riboflavin content, 52 

^thiamin autotroph ism, 107 

— cucuyneris ferynentati Bi, gi'owth factor re- 
quirements, 154 

- — Delbriichii, riboflavin action on, 150 
^riboflavin content, 52, 148 

— fluorescens liquefacieyis, growth factor syn- 
thesis, 149 

— influenzae^ satellitism phenomenon, 168, 245 
— lactis aerogenes, thiamin autotrophism, 107 
— Beichmannii, ascorbic acid transformation, 
177 

—yyiesentericus, thiamin autotrophism, 107 
— Moelleri, thiamin autotrophism, 107 
— ynyco'ides, thiamin autotrophism, 107 
— Pasteurianum, riboflavin content, 52 
— -proteus, growth factors required by, 206 

nicotinic acid detection in blood, 267 

nicotinic acid heterotrophism, 205 

nicotinic acid test, 266 

- — pyocyaneuyn, growth factor synthesis, 149 
- — radicicola (see also Rhizohium) , biotin dos- 
age, 152 


-—sniegynatis, thiamin autotrophism, 107 
— timothy, thiamin autotrophism, 107 
— tuynefaciens, tomato phytocarcinomas, 220, 
221 

— typhosuyn, ui'acil synthesis, 14 5 
— utile, pyridoxine requii-ement, 151 
— utile Ba, growth factor' requirements, 154 
— vulgatus, thiamin autotrophism, 107 
— xylinuyn, ascoi'bic acid synthesis, 55 
Bakers’ yeast, riboflavin content, 52 
Banana, vit. E content, 45 

Barbituric acid, sexual effect on Achlya, 234 

Barley, estrone action on, 219 

— fertilizer effect on vifc. Bi content, 229 

Barley germ, riboflavin content, 51 

— ^thiamin content, 229 

Barley grain, vit. C content, 93 

Basidiomycetes, cax’otinoid content, 43 

— thiamin “economic coefficient”, 111 

• — -thiamin x'equiring' members, 107 

Beech, carotin content, 43 

— xanthopy ll/carotin ratio, 43 

Beer yeast, riboflavin content, .52 

Begonia, rex, action of pigeon dung on, 228 

Beilis perennis, presence of crocin, 242 

Beri-beri, 1 

Betacoccus arabinosus, growth factor I'equire- 
ments, 154 

Bioassay of vitamins, biotin, 266 
— characte rustics of a test organism, 257 
— causes of eri'ors, 263 
— folic acid, 267 
— inositol, 267 
— nicotinic acid, 266 
— pantothenic acid, 266 
— pyxndoxine, 265 
— riboflavin, 265 
— vit. A, 257 
— vit- Bi, 257 

Biocatalyzers, cla.ssification, 3.5, .38 
— defn., 33 
Bios, 125-139 

— classification of bios components, 36, 129 
• — factors in bios complex, 11, 57 
— functions of bios components, 137 
— history of, 12.5-126 
— nomenclature, 126-127 
---organisms retiuiring, 133-136 
---specificity of action of components, 136 
— vit. Bi in relation to, 126 
Bios I (see also i-inositol) , 126-127 
— acty.. 126 
— isolation, 126 
-—occurrence, 126 

- organisms requiring, 1.34-135 

— sj^ecificity of action, 136 

Bios II (sec Bios II6 and biotin) 

Bios Ila, 126, 127, 128 

— acty., 128 

— fietermination , 128 

— properties, 128 

— relation to thiamin, 128 

Bios II5 (see also biotin), 127-128 

—acty., 128, 137 

— adsorption by animal charcoal, 127 
— empirical formula, 128 
— function, 137 
— identity with vit. H, 128 
— isolation, 127 

— organisms requiring, 138-135 

— precipitation with phosphotungstic acid, 127 

- — relation to yeast, 128 

Bios III (see also bios Ila), 128-129 

Bios V. 131-132 

——identity with thiamin, 131 

Bios VII. 131 

— possible identity, 131, 132 
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Bios VIII, 131-132 
Biosynthesis of vitamins 
— carotinoids, 80, 81 

— conditioning: and relativity of the capacity 
for synthesis, 198-201 

— external factors affecting the process, 228- 
231 

— genetics of, 203 

— irreversibility of the loss of capacity for, 
211-212 

— pantothenic acid, 98 

— vit. A. 80. 81 

• — vit. Bi, 87-90 

— vit. Ba, 97 

- — vit. C, 92-97 

— ^vit. E, 86 

— vit. K, 86 

Biotin, acty., 128, 164 

— Azotobaote-r, action on, 166-167 

— ^bioassay, 266 

— chemistry, 128 

— classification as a phytohormone, 36 
— empirical formula, 57, 128 

— function, 137 
— isolation, 27, 127, 128 
— lactic bacteria, action on, 152-153 
— NeuTosvora, action on, 29 
— occurrence, 57, 137 
— pimelic acid, a precursor, 184 
— Pisu'm embryo, action on, 61, 62 
— relation to Bios II, 127 
— Rhizohiuyn, action on, 160-166 
— Rhizopogon roseolus, action on, 250 
— root formation in Pisum, 29, 75 
— specificity of action on yeast, 136 
— ^unit of measurement, 128 

Blachtongue in dogs, analogue of human pel- 
lagra, 140 

— curative agent, 140 

Blood, factors contained in, 169 

Bliihstoffe, defn., 232 

Boletus elegans, thiamin action on, 250 
— luteus, cultural requirements, 249 

thiamin action on, *250 

— piperatus, biotin action on, 250 

thiamin action on, 250 

— variegatus, cultural requirements, 249 

thiamin action on, 250 

— viscidtis, thiamin action on, 250 
Borrago officinalis, crocin occurrence in, 242 
Bougainvillea glabra, thiamin action on, 76, 226 
BP factors, defn. of the term, 35 
Brassica alba, thiamin action on, 76 
— nigra, thiamin action on, 76 
— peJcinenfiis, ascorbic acid synthesis. 9,5 
Bi-ussels sprouts, fertilizer and vitamin con- 
tent, 229-230 

Brijoph-!/llu7n, thiamin action on, 76, 227 
— calijcinum, ascorbic acid synthesis, 96 
Bryophytes, vit. Bi content, 49 
But.vl alcohol bacteria, growth factor require- 
ments, 158 

Butyi-ic bacteria, riboflavin content, 52 

Cabbage, thiamin action on, 77 
- — -thiamin synthesis, 228 
— vit. C content, 56 

Cabbage (green, red, and white), fertilizers 
and vit. content. 229-230 
Calciferol (.see vit. Da) 

Calistliephus sinensi.s, estrone action on flow- 
ering, 233 

Caltha palustri.H, carotin content, 43 
— xanthophyll/cai'otin ratio, 43 
Cambium, tissue culture of, 73-7.5 
Camellia faponica, thiamin action on. 226 
Cantharellales, thiamin requiring, 107 


Capsicum annuum, vit. C content, 92 
Carbon/nitrogen ratio, flower production, 232 
— zygote production in Mucor, 234 
Carboxyhemoglobin, growth stimulation, 170 
Carboxylase, function, 117, 187-191 
Carcinogenic substances, action on plants, 221 
Carica quercifolia, thiamin and pollen germina- 
tion, 7 8 

Carotene, mechanism of action, 187 
n-Carotene, 42 

Beta-Carotene, cycle in nature, 227 
— function, 85-86, 187 
— occurrence, 81-84 
— structural formula, 42 
— synthesis, 81-85 
— ^transformation into vit. A, 80 
Gamma-Carotene, 42 

Carotin (see also carotene) , root formation, 75 
Carotinase, existence in plants, 80-81 
Carotinoids, ascorbic acid synthesis in relation 
to, 96 

— ^bioassay of, 257 
— ^biosynthesis of, 80-81 
— content, 43-44 
— distribution, 43 

— function, 85-86, 187 ■ 

— microreaetion of Molisch, 43 
— relation with vit. A, 80 
— separation of, 43 

— ^sexual hormones, function as, 237 
— spectroscopic analysis, 43 
— synthesis, 42 

Carrots, fertilizers and vitamin content, 228-2S0 
— nicotinamide content, 52 
— riboflavin content. 51 
— ^tissue cultures. 74 
— vit. K content, 46 
— vit. requirements, 68 
Catalase, possible constituents of, 194 
Cathepsin, vit. K action on, 193 
Cations, effect on symbionts, 249 
Cattleya, non-symbiotic culture of, 251 
Cauliflower, thiamin action on, 77 
— vit. K content, 46 

Celex’y, fertilizers and thiamin content, 229 
Cellobiose, and gametic activity. 237 
Cenococcum graniforme, biotin action on, 250 
■ — thiamin action on. 250 
Cephalantera alba, 12 

Ceratonia siliqua, thiamin action on, 76, 227 
Ccratostomella finibriata, nutritional require- 
ments, 135 

— niicrospora, nutritional requirements, 135 
— niontiiim, nutritional requirements, 135 
— mziltiannulata, nutritional requirements, 135 
— obscura, nuti'itional I'equirements. 135 
- — })enicillata, nutritional requirements, 135 
— picea-perda, nutritional requirements, 135 
— pilifera, nutritional i-equirements. 135 
— pint, nutritional requirements, 135 
— pluriannulata, nutritional requirements, 135 
—pscudo-tsugae, nutritional requirements, 135 
— stenoceras, nutritional requirements, 135 
— ulnii, nutritional requirements. 135 

— pyridoxine specificity of action, 13 5 

Cercosporella herpotrichoides, thiamin “eco- 
nomic coefficient”, 39 

Cheiranthus Cheiri, crocin occurrence in, 242 
Chicken dermititis, 54 

Chilotnonas, thiamin “economic coefficient’’. 111 
— paramaeciutii , thiamin components, action on, 
109 

thiamin hetei’otrophism. 108 

Chlamydomonadidae, ascorbic acid action on, 
179 

Chlamydomonas, ascorbic acid action on, 179 
■ carotinoids and sexuality in, 187, 236, 242 
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crocin, test for, 242 

— - — -thiamin heterotrophism, 108, 179 
— Braunii, and sex determination, 239 
— -dorsiventralis, ascorbic acid actio'n on, 179 
— eugametos, carotinoids, action on, 257 
sexuality factors, 236-240 

— eugawtetos f. syno'ica, sex determination, 239- 
240 

— huTtiicola, ascorbic acid action on, 179 
— orbicularis, ascorbic acid action on, 179 

^thiamin heterotrophism, 108 

Chloracetopropyl alcohol, thiazole precui*sor, 48 
Chlorella, heteroauxin action on, 217 
— ^vit. A acty., 43, 83 

Chlorococcuon, stimulation of Azotohacter, 166 
Chlcrccoccus, vit. A acty., 44, 83 
Chlorogoniutyt euchloruni, ascorbic acid action, 
179 

— tetragamum, thiamin heterotrophism, 108 

Chlorophyceae, growth factor requirements, 108 

— ^thiamin requiring, 108 

Chlorophyll, riboflavin relation to, 52 

— vit. K relation, 87 

Chlorophytes, defn., 13 

Cholestanol, acty. on Trichouionaa colutnhae, 
182 

Cholesterol, empirical formula, 44 
— growth factor for microorganisms, 181-184 
- — physiological r61e, 183 
— specificity of action, 182, 183 
- — structural formula, 182 
— -TS factor, possible identity, 180 
Chondriome, r61e in cell physiology, 9, 10, 80 
Ch roman, 44 

Chrysanthe-mtim, thiamin action on, 77 
doer arietinum, ascorbic acid synthesis, 95 
Ciliates, thiamin requiring, 107 
Cinchol, acty. on Trichomonas columbae, 182 
Cis- A -5 ; 6-cholestine-3 : 4-diol. acty. on Trieho- 
monas colu'tnbae, 182 

C£s-cholestan-S: 4-diol, acty. on Trichomonas 
columbae, 182 

Clitopilus prunulus, thiamin action on, 260 
Clostridium acetohutylicum, biotin, a factor for, 
185 

— growth factor requirements, 158 

— butylicum, gi'owth factor i-equirements, 158 

I’iboflavin content, 52, 148 

— sporogenes, amino acids required by, 146 
— -Welchii, ascorbic acid action on, 177 

cysteine action on, 177 

Clover I'oot cultures, vit. requirements, 68 
Cocarboxylase, action on pyruvic acid, 190 
— formation, 89 
— function, 117, 187-191 
— structural formula, 190 
Cocci, ascoi’bic acid action on, 177 
Cocklebur, thiamin action on, 77 
Codehydrogenases, 53 
— biosynthesis, 53 
—effect on rH of medium, 21 
—function, 53. 54, 173, 174, 192-193 
— growth factoi' for Hemophilus parainflucn~ 
zae, 54 

— nicotinic acid in relation to, 192 
— reciprocal tiansformation, 53 
Codehydrogenase I, function, 53, 174 
— precursors, 53, 54 
—reactions of, 174 
— structural formula, 53, 174 
Codehydrogenase II, composition, 53 
— function, 53, 174 
— precursors of, 53, 54 
- — reactions of, 174 
—structure, 174, 192 
Coenzyme, action of, 84 
— growth factor function, 187-196 


— use of term, 33 

Coenzyme I (see also codehydrogenase I), 
structure, 192 
Coenzyme R (see Biotin) 

Colchicine, tomato galls, action on, 220 
■ — wheat, action on, 220 

Coli-aerogenes group, growth factor nutrition, 
149 

Colon bacillus, stimulation of B. influenzae, 168 
Colon-dysentery bacteria, pantothenic acid in- 
active on, 134 
— riboflavin synthesis, 150 
Convallaria majalis, crocin in, 242 
Copper, as a catalyzer, 22 
Copulation substances, in flagellates, 237 
Corallorrhiza, and general heterotrophism, 12 
Corn germ, thiamin content, 229 
Cornus, growth factors in pollen grains, 78 
Corynebacterium diphtheriae, beta-alanine 
action on, 134, 142 

— growth factors required by, 206, 208 
— measurement of growth, 31 
— nicotinic acid, a factor for, 142 
— pantothenic acid action on, 134-135, 151 
— pimelic acid action on, 26, 142, 184, 206 
— stei’ols absent in, 181 

Cosmos, carotinoids, distribution in, 242 
— root cultures, vit. requii-ements of, 68 
— ^thiamin action on, 76, 77 
Cotton root cultures, vit. requirements, 68 
Cozymase of yeast (see also codehydrogenase 
I), 53 

— Hemoi)hilus parainfluenzae, action on, 174, 
176 

— nicotinamide, relation to, 141 
Crinum Potoelli, vit. A content, 80 
Crocetin, and sexuality in Chlamydomonas, 237, 
238 

Crocin, occurrence in plants, 242 
— sexuality in Chlamydomonas, 237 
Crocus, pici’ocrocin and crocin content, 242 
Cruciferae, embryo culture, 61 
Ci’yptogams, carotinoid content, 48 
Cryptoxanthin, synthesis in Mycobacterium 
Phlei, 82 

Ctenocephalis canis, host of Hejjtomonas cteno~ 
cephalis. 170 

Cucurbita, ascorbic acid synthesis, 95 
- — growth factoi’s for orchids, 252 
Culex pipiens, host of Strigo monas fasciculata, 
170 

Culture of intact plants, germination of seeds, 
75 

Cunninghamella. effect of pollen grains on. 78 
Cui’ves showing rate of growth, 30 
Cyanophyceae, cai'otinoid content, 43 
Cysteine, action of chlorohydrate of, 74 
—action on Saccharomyces cercvisiac, 185 
Cystine, 140 

Cytochrome, constituents, 194 
— effect on rH of medium, 2l 

Cytochrome C, action on Strigo monas fascicu- 
lata, 171 

Cytochrome oxidase, function, 194 
Cytoflav, 51 

Cytology, of thiamin in pea I'oots, 66 
— of vit. C, 92 
Cytopenia in monkeys, 58 

Dacromyccs st Hiatus, heterotuophism, 

107 

Dactylis glomerata, carotene synthesis, 84 
Dahlia, action of vit. Bi on, 77 
Dam units, defn., 46 

Datura root culture, vit. requirements. 68 
Daucus Carota, fertilizers and vit. A value, 229 
7-Dehydrocholesterol. 44 
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22-Dehydrocholesterol, 44 

Dehydrogenase system, relation of factor V 
to, 173 

De'mati'ant, pyrimidine specificity of action, 121 
— nigrum., thiamin dosage, 112 

^thiamin “economic coefRcient”, 111 

^thiamin heterotrophism, 107 

^thiamin specificity of action, 119 

Uendrobium Phalaencpsis, action of Vida, ex- 
tracts upon, 252 

Deuterohemin, action on Strigomonas fasdcu- 
lOfto., 171 

Deuteroporphyrin, action on StrigomoncLs fas- 
dculata, 171 
Diastase, in plastids, 9 

Diatom iNitBchicb cloaterium) , vit. A acty., 43 
Diatomae, carotinoid content, 43 
Diazotized para-aminoacetophenone test for 
thiamin, 258 

Dicots, vit. Bi occurrence in, 228 
Dictyococcus, 86 

— dnna,harinus. carotene synthesis, 82, 85 
2, S Dienol-Z-gulonic acid lactone (.see ascorbic 
acid) , 55 

o;-Dihydro-ergosterol, action on Trichomona.^ 
coVumbae, 183 

22-Dihydro-ergosterol, action on Trichomonas 
columbae, 182 

a-Gamma-Dihydroxy-beta, beta-dimethylbutyric 
acid, 129 

a:-Gamma-Dihydroxy-beta, beta-dimethylbutyro- 
lactone, 57, 98 

Dioxyphenyl, effect on rH of medium, 21 
Dioxyvaleric acid, precursor of pantothenic 
acid, 67 

Diphosphopyridine-nucleotide (see also codehy- 
drogenase I), 63 

Diphtheria bacillus (see also Corynebacterium 
diphtheriae'y , atiraxilatiojx of B. influenzae, 
Distance activators, classification of. 37 
Dogs, blaclctongue of, 140 
Dog flea (see Ctenocejyhalus cants) 

Drosera, ascorbic acid content, 97 
Droso-phila (larvae), vitamins reciuired by, 254 
Dutch Sweet Clover, 83 

Dysentery bacillus (see also Shigella) , nico- 
tinic acid requirements, 142 
— nicotinic acid specificity of action, 143-144 

“Economic coefficient" of growth factors, 
31, 40, 103, 111 
— defn., 39 

Egg yolk, as a source of Bios lib, 127 
JElodea canadensis, vit. A. content, 80 
Elution factor (see vit. Bo) 

Embryo cultures, 60 
— of Pisuni, 61, 62, 63 
— vit. synthesis, 63 

Endoconidiojjhora coerulescens, nutritional re- 
quirements, 135 

— paradoxa, nutritional requirements, 135 
Enex'gy balance, in Aspergillus nigvr, 4 
— in flax, 5 
— -in lentils, 5 
—in rice, 5 

Enterococcus, ascorbic acid transformation, 177 
Environmental effect on the vit. content oi 
plants. 228 

Enzymes, classification of, 35 
— constitution, 34 

Epidehydrocholesterol, action on Trichouiona.s 
columhae, 182 
Epipuctis latifolia, 12 
E pipogon, 12 

Ereniothcciuyn Ashbyii, riboflavin crystals in 
vacuoles, 148 

Ergines, classification, 35 


— defn., 34 

Ergones, classification, 35 
— defn., 33, 34 

Ergostanol, action on Trichomonas colunihae, 
182 

Ergosterol, 44 
— empirical formula, 44 
— irradiation of, 44 

— Mycobacterium spp., action on, 181 
— occurrence, 181 

— Trichomonas colunihae, action on, 183 
n-Ergosterol, Trichomonas columbae, action on, 
182 

Ergozymes, use of term, 34 

Escherichia eoli (see also Bacterium coli) , 
heteroauxin synthesis, 217 
sterols, absence in, 181 

— communior, carcinogenic substances, action 
on, 221 

Estriol, pussy willow, presence in. 218 
— relation to floral production, 233 
Estrogenic hormones, inactive in Trichomonas, 
183 

Estrone, Aspergillus, action on, 218 
— classification, 36, 88 
— ^pea embryos, action on, 63 
Etutnthe, non-symbiotic culture of, 251 
Eucalyptus flcifolia, thiamin action on, 76, 226 
Euglena, ascorbic acid action on, 179 

thiamin action on, 179 

— anaboena, nitrogen nutrition of, 14 
— deses, nitrogen nutrition of, 14 
— gracilis, 12, 14, 15 

• ascorbic acid action on, 179 

^growth factor requirements, 179 

heterotrophism, experimental production 

of. 13, 179 

^thiamin heterotrophism, 108 

— Klebsii, nitrogen nutrition, 14 
— pisciformis, nitrogen nutrition, 15 
— viridis, ascorbic action on, 179 

^thiamin heterotrophism, 108 

Euphrasia, 11 

Eutrichomastix colubrorum, ascorbic acid spe- 
cificity of action, 180 
— cholesterol action on, 182 
— growth factoi* requirements, 180, 182 
Excreta from animals, as a source of vitamins, 
225 

“Extrinsic factor", 57 

Factor M, constitution, 104, 106 

— Phycomyces, effect on, 106 

Factor V (see also cozymase) , 26, 173-175 

— hemophilic oi-ganisms, action on, 168 

— properties. 169 

Factor X (see also hemin) , 26 

— hemophilic organisms, action on, 168 

— properties. 169 

Factor Z, 29. 106, 235 

Factor Zi (see also hypoxanthine) . 

— identity with hypoxanthine, 106, 236 
— properties, 235 

Factor Z 2 , possible identity, 106, 236 

— ^properties, 235 
Fagopgrum, embi*yo culture, 60 
Feces, vitamin content, 225 

Female sex hormone (see also estrone), action 
on plants, 183 

Fertilizers, effect on vitamin content of plants, 
228-229 

Filtrate factor (.sec also pantothenic acid) , 54 
Fish liver, biosynthesis of vit. A, 80 
Flagellatae, carotinoid content, 43 
Flagellates, ascoj-bic acid action on, 177-180 
- — bios, response to, 26 
- — cai-otinoid synthesis, 82 
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— cholesterol and vit. D action on, 181, 205 
— experimental heterotrophism, 12 
— growth factor requirements, 108, 170, 175 
— pyrimidine, specificity of action, 121 
— sexuality in, 236-240 

— thiamin components, specificity of action, 
120-121 

— thiamin requiring, 108 
— ^thiamin, specificity of action, 120, 191 
Flavins, histoi'y of, 51 
Flax, energy balance in, 5 
Flax i*oot cultures, vit. requirements, 68 
Fleischmann bakers* yeast, 135 
Floral production, dependence on light and 
hormones, 233 
Florigene, defn., 232 
Flour (oat), thiamin content, 229 
Flour (wheat) , thiamin content, 228 
Flowering plants, carotinoid synthesis, 83 
Flowers, carotinoid content, 43 
Folic acid, bioassay of, 267 

Poraea igniarius, thiamin heterotrophism, 107 
Formaldehyde-azo test for thiamin, 258 
Formation of organs on cuttings, 75 
Friedlander’s bacillus, stimulation of Bacillus 
influenzae, 168 
Fruit, carotinoid content, 43 
Fuchsia, animal hormone action on, 219 
Fucus, vit. Bx content, 49 
Fungi, ascorbic acid, response to, 177 
— ascorbic acid synthesis, 176 
— bios requiring, 133 
— carotinoid content, 43, 81 
— carotinoid synthesis, 81 
— ^thiamin requiring, 107 
— vit. A content, 80 

Fungi Imperfect!, economic coefficient of thi- 
amin, 111 

— thiamin requiring, 107 

Fusarium, respiration acceleration in host, 137 

Z-GaLACTO ASCORBIC ACID, 56 

Gametic union, substances in flagellates, 237 

Gamones, defn., 240 

Gelatin, growth factors in, 26 

Gentiobiose, gamete motility, 237 

Germ of maize, vit. Bi content, 49 

— vit. E content, 45 

Germ of x’ye, vit. Bi content, 49 

Germ of wheat, anti-anemia factor, 58 

— riboflavin content, 51 

— ^tropic anemia-preventative factor, 58 

— vit. Bi content, 49 

— vit. E content, 45 

—vit. K content, 4 6 

Germination of seeds, 75 

“Giant colonies” of Grassberger, and satel- 
litism, 168, 245 

Gladiolus, vit. C content, 92, 97 
Glaucoma piriformis, 12 
— NH 2 group acty., 120 
—thiamin heterotrophism, 108, 115 
— thiamin specificity of action, 120 
— ^thiamin, test for whole molecule, 110, 259- 
260 

Z-Glucoascorbic acid, 56 
— acty., 180 

cZ-GIucohepatoascoi’bic acid, 56 
— acty,, 180 

d-Glucose, ascorbic acid synthesis, 55 
— gamete motility, 237 
Glutamic acid, 133 
— action on tomato roots, 65 
Glutaric acid, sexual effect on Achlya, 234 
Glutathione, capacity for reduction, 55 
— effect on rH of medium, 21 
—equilibrium with vit. A, 10 


— Saccharomyces cerevisiae, action on, 185 
Glycerol, effect on pigmentation, 81 
Glycolic acid, action on the growth of Asper- 
gillus, 35 

Glyconic acid, classification as a phytohormone, 
36 

Glyoxalic acid, effect on the growth of Asper- 
gillus, 36 

Gonococcus, stimulation of B. influenzae, 168 
Gramineae, embryo culture, 60, 61 
Graphs, three dimensional, 31, 102 
Green algae, ascorbic acid action on, 177 
Green cabbage, vit. E content, 45 
Gregarina polyjnorpha, vit. A synthesis, 80 
Grosmannia serpens, 136 

Growth factors {see also vitamins) , “B”, 23 
- — characteristics of, 39-40 
— classification, 33-39 
— concentration and isolation, 27 
— cycles, 227-228 
— defn., 40. 195 
— economic coefficient of. 111 
— functions of, 187-196 
— occurrence in manure, 225 
—occurrence in soil, 223 
— relation to sexuality, 232 
— replacement phenomenon, 208-210 
— sources, 25 

Guanine, substitution for factor Zi, 236 
— wheat embryo, action on, 77 
Gynotermone, defn., 240 

Hallochrome, anemia prevention, 58 
— occurrence, 58 
— role, 58 

Hansenula anomala var. productiva. cocar- 
boxylase assay, 259 

Ilantzschia, stimulation of Azotohacter, 166 
Haplotroph, defn., 14 

Helianthus, ascorbic acid synthesis, 95 
■ — carcinogenic substances acty., 221 
Helvella infula, thiamin heterotrophism. 107 
Hematococcus pluvialis, ascorbic acid function 
in, 180 

— ascorbic acid, response to. 177-180 
— carotinoid synthesis, 82, 83, 85 
— growth factors required by, 177 
— ^thiamin heterotrophism. 108 
— ^thiamin, optimal dosage. 111 
— thiamin synthesis. 88 

Hematohemin, action on Strigotnonas fascicii- 
lata, 171 

Hematoporphyrin. action on Strigornonas fas- 
ciculata, 171 

— structural formula, 171 
Heme, I'elation to cytochrome, 194 
Hemiascomyeetes, thiamin requiring, 107 
Hemin, effect on rH of medium, 21 
— function, 172, 193-194 
- — growth stimulation. 170 

— Strigotnonas fasciculata, response to, 171 
Hemogene factor, 57 

Hemophilic bacteria, growth factor require- 
ments, 168-175, 255 
— hemin, action on. 193, 205 
— nicotinic acid, a factor for, 143 
Hemophilus cams, growth factors required by, 
175. 206 

hemin, action on, 172, 175 

reciprocal stimulation with H, parain- 

fluenzae, 248 

— conjunctivitidis, hemin action on, 172 
— ducreyi, hemin action on, 172 
— influenzae {see Bacillus influenzae) 

■ — parainfiuenzae, factor V (codehydrogen- 
acty., 173-175 
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growth factor requirements, 64, 175, 206 

reciprocal stimulation, with H. cants, 248 

— parainfluenzae (strain 4101 of the Lister 
Institute) , factor V test object, 173 
Hepaticae, vit. Bi content, 49 
Hepatoflavin (see also riboflavin) , 51 
Heteroauxin, acty., 218 
— classification, 36 
— formation of organs, 75 
“tissue cultures, action on, 74 
Heteroauxone, defn., 35 

Heterotrophism, experimental production of, 12 
— ^gradient leading to, 210-211 
— origin of, 11, 115 
— and nitrogen nutrition, 14 
Hetero vitamins of Bi, 123 

Higher green plants, thiamin synthesis. 115 
Histidine, factor for tomato roots, 65 
Holoenzyme, defn., 34 

Hordeum vulgare, ascorbic acid synthesis, 95 
Hormidium, acty. of extracts, 104 
— Barlowi, ascorbic acid action, 179 

^thiamin heterotrophism, 108 

— jiaccidutn, ascorbic acid synthesis, 178, 179 
Hormones, of cell elongation, 216 
— classification, 35 
— defn. (of author), 38 
— defn. (classical) , 33 
— defn. (original) , 1 
— of root formation, 216 
— sexual hormones in Aohlya, 234 
Hormozymes, defn., 34 
Horticulture, role of vitamins in, 223 
Hyacinths, animal hormone action on, 219 
Hydntcm erinaceus, thiamin heterotrophism, 107 
Hydrogen ion concentration, effect on growth, 
20 

Hypocreales, thiamin requiring, 107 
Hypoxanthine, action on wheat embryo, 77 
— identification as factor Zi, 106, 236 
Hyposcylon pruinatum, growth factor x^equire- 
ments, 135 

Impatiens Balsamina, carotin action on root 

FORMATION, 75 

— “rhizocaline*' in relation to, 75 
Indophenol-oxidase, function, 194 
Influenza bacillus (see also Bacillus influenzae) , 
response to cysteine and glutathione, 185 
Inhibiting substances, action on yeast, 23 
Inositol isee also bios I), acty., 137 
— bioassay of, 267 

— classification as a phytohormone, 36 

■ — Neurospora, action on, 29 

-—organisms requiring, 134, 135 

— Rhizo 2 )us suinus, action on, 135 

— specificity of action, 135 

— structui*al formula, 136 

Insects, symbionts of, 254 

Intracellular activators, classification, 37 

Beta-Ionone gx’oup, 42 

— effect on pigmentation, 82 

Iris, vit. C content, 56 

— germanica, vit- A content, 80 

— Reichenbaehii, crocin in, 242 

Iron, action on Strigornonas iasciculata, 171 

— supposed effect on B. influenzae, 169 

Irradiation, effect on sexual substances, 237 

Isoalloxazine, effect on rH of medium, 21 

Isoascorbic acid {see d-ai’aboascorbic acid) 

Isolation of growth factors, 27 

Isopi’ene compounds, condensation of, 85 

Javanese tea, and Kombucha symbionts, 176 
Johne’s bacillus, 17 

Kahlbaum’s maltose, as a source of vita- 
mins, 102 


Kalanchoe Baigremontiana, carcinogenic sub- 
stances action on, 221 
Keto-laetone group of sugars, 55 
Knot's solution. 74 
Koch’s bacillus. 17 

Kombucha symbionts, ascoi'bic acid synthesis, 
176 

Liactarius deliciosus, thiamin action on, 250 
Lactic bacilli, ascoxbie acid synthesis, 176 
— ^pantothenic acid requirement, 134 
Lactic bacteria, amino acids in i-elation to, 154 
— auxo-heteroti'ophism, 205 
— ^biotin requirement, 152-153 
' — ^growth factors required by, 148-158, 206 
— growth stimulation, 2, 17 
— nicotinic acid, a factor for, 142 
— nicotinic acid and adenine requirement, 153 
— ^pantothenic acid action on, 151 
— pyridoxine requirement, ISO, 150-151 
— pyridoxine test objects, 265 
— riboflavin content, 52 
— riboflavin requirement, 148-150, 205 
— riboflavin test objects, 265 

— specificity of action of growth factors, 154- 
^57 

Lactic streptococci, ascorbic acid synthesis, 176 
Lactobacillus arabinosus, nicotinic acid test, 266 

pantothenic acid, a factor for, 134 

— casei, pantothenic acid test, 266 

^test object for six B vitamins, 265 

— Delbriickii, pantothenic acid required by, 134 
— lycopersici, riboflavin synthesis, 150 
— mannitopoeus, riboflavin action on, 150 
riboflavin synthesis, 150 

— mannitoproteus, thiamin, mechanism of ac- 
tion, 189 

— rnesenteroides, riboflavin synthesis, 150 
- — pentoaceticus, riboflavin synthesis, 150 
— pentosits, pantothenic acid required by, 134 

riboflavin synthesis, 150 

Lactoflavin {see also riboflavin) , 51 
Lactone precursor of pantothenic acid, stmc- 
ture, 57 

Lactose, and gamete motility, 237 

Larix, 250 

Leaf cultux*es, 64 

Leaf dialyzates, vit. acty., 225 

Leaves, carotinoid content, 43 

— disappearance in oi-chids, 12 

Legumes, nitrogen fixing bacteria in roots, 160- 

— thiamin synthesis, 228 

Leishtnannia aganiae, hemin acty., 172 

— ceramodactyli, hemin acty., 172 

— Donovani, hemin acty., 172 

— tropica, hemin acty., 172 

Lenina minor, auximone action on, 1 

Lemon, vit. C content, 56 

Lentils, energy balance in, 5 

Lenzites sepiaria, thiamin heterotx'ophism, 117 
— vit. Bi content, 49 

Lejytomonas ctenoce phali, blood I'equii'ed by, 170 
— hemin, a factor foi*, 172 
Lettuce, carotin content, 43 

— fertilizex-s and ascoibic acid content. 230 
— nicotinamide content, 52 
— thiamin action on, 77 
—vit. E content, 45 
— xanthophyll/carotin ratio, 43 
Leucine, bios II6, relation to, 127 
— tomato roots, action on, 65 

Leuconostoc arabinosus, nicotinic acid actio:i 
on, 153 

riboflavin synthesis. 150 

— Gayoni, riboflavin synthesis, 150 
— tnesentero'ides, pantothenic acid action on, 
134 
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Leucophytes, defn., 13 
Lichens, and vit. A acty., 44, 83 
Light, gametic motility, action on, 236 
— -gametic union, action on, 237 
— vit. C synthesis, 95 

Lilium candidum, crocin occurrence in, 242 
Limnobium. stoloniferum, auximone action on, 1 
JLimnodorum, 12 

Linaria cymbalaria, vit. A content, 80 
Lipochromes, 42 
Little Marvel peas, 63 
Liver, growth factors in, 26 

Lophodermium pinastri, thiamin heterotro- 
phism, 107 

Lucerne, vit. K content, 46 
Lumisterol, inactive on Trichomonas, 183 
Lupine, root tissue cultures, 74 
Lycopin, formation in tomatoes, 84 
Lysine, 137, - action on tomato roots, 65 

M FACTOR, RELATIOK TO FACTOR Z, 236 
Maize, carotin content, 43 
— riboflavin content, 61 
— xanthophy ll/carotin ratio, 43 
Male sex hormones, inactive on Trichomonas, 
183 

Malonic acid, sexual effect on Achljja, 234 
Man, action of thiamin and its components on, 
110 

Manganese, as a catalyzer, 22 
— riboflavin synthesis, action on, 98 
— vit. C synthesis, action on, 95 
Mannitol, 74 

Mannose, as a precursor of vit. C, 94 
Manure, as a source of growth factors, 225 
Marigold, action of vit. Bi on, 77 
Marine algae, carotene synthesis, 227 
Marmite extract, growth factor action, 140 
Melampyrum, 11 

Melanconiu-m hetulinum, growth factors re- 
quired by, 134, 206 

Melandrium album, host of Ustilago violacea, 
106, 198 

— vit. E action on, 78 
Melanin, relation with hallochrome, 58 
Meningococcus, B. influenzae stimulation, 168, 
247 

— Streptothrix corallinus stimulation, 247 
Meristematic tissue cultures, 73 
Metabiosis, defn., 247 
— examples of, 247 
Metals, catalytic r61e of, 21 
— role in thiamin action, 105 
Methemoglobin, and growth stimulation, 170 
Micrococcus roseus, stimulation by Mucor 
Rouxi, 246 

Micronutrients, defn., 40 

Microorganisms, as test objects for vitamins, 
257-2C7 

Mimosa, hormone action in, 218 

Minerals, catalytic role of, 21 

Mitochondi'ia, 86 

Mixotroph, defn. of tei-m, 13 

Molisch reaction, 92, 97 

Molybdenum, as a catalyzer, 22 

Motility of gametes, induction of, 236 

Monocots, vit. Bi content, 228 

Monocotyledons, ascorbic acid synthesis, 95 

Mucor, microbe stimulation, 247 

root dialyzate action, 225 

^thiamin heterotrophism, 107 

— hiemalis, carotinoid content, 81, 242 

extracts, acty., 104 

sexuality substances, 234 

■ “thiamin autotrophism, 104 

— mucedo, extracts, acty., 104 
^thiamin autotrophism, 204 


■ — Ramannianus, growth factors required by, 
206 

leaf extracts acty., 225 

minerals, action on, 23 

pyrimidine synthesis, 115 

reciprocal stimulation with Rhodotorula 

rubra, 248 

root dialyzates acty., 225 

seed dialyzates acty., 225 
extracts acty., 223 
vitamins test object, 224 

^thiamin component required by, 109, 110 

^thiamin heterotrophism, 104, 107, 115 

^thiamin synthesis, 114 

^thiamin test object, 265 

^thiazole replacement of thiamin, 109, 110 

^thiazole test object, 265 

— Rouxi, satellitism, 246 
— strictus, effect of pollen grains on, 78 
Mucoraceae, carbon/nitrogen ratio. 86 
— -cax'otin biosynthesis, 83, 85 
— ^growth factors, distribution in, 26 
— thiamin requiring members, 104 
Mustard, action of thiamin on, 77 
Mycobacterium avium, ergosterol action on, 181 
— berolinensis, ergosterol action on, 181 
— leprae, ergosterol action on, 181 
— JPhlei, carotinoid synthesis, 81, 82, 85 

ergosterol action on, 181 

— smegmatis, ei’gosterol action on, 181 
— tuberculosis, ergosterol action on, 181 
— tuberculosis var. bovis, auxo-heterotrophism, 
255 

— tuberculosis var. hominis, auxo-autotrophism, 
255 

Mycolevure of Duclaux, cocarboxylase assay, 
259 

Mycorrhizas, and growth factors, 249 
Mycosterol {see also ergosterol) , occurrence in 
fungi, 44, 181 

Myxomycetes, carotinoid content, 43 

Nadsonia fulvescens, viT. A content, 80 
Naphthoquinone derivatives, vit. K acty., 43 
Narcissus odorus, crocin occurrence in, 242 
— poeticus, crocin occurrence in, 242 
Nectria coccinea, thiamin hetei'otrophism, 107 
Nematospora Gossypii, auxo-heterotrophism, 
210 

— biotin test object, 266 

- — growth factor requirements, 29. 134, 165, 266 
— reciprocal stimulation with Polyporus adus- 
tus, 248 

— ^thiamin heterotrophism, 107 

Neottia nidus avis (f. sulfurea, f. pallida, and 
f. nivea) , 12 

Nettle, carotin content, 43 
—vit. K content, 46 

Neurospora, biosynthesis of vitamins, 198 
— sexual hormones in, 234 
Nicotiana, callus culture, 73 

— suaveolens, carcinogenic substances acty., 221 
Nicotinamide, {see also nicotinic acid), 140-147 
— biosynthesis, 53 

— codehydrogehases, constituent of, 174 
— distribution and content, 52 
—function. 53,54, 192 

— methiodide of, sti*uctural formula, 192 
— specificity of action on Sta 7 >hylococcus 
aureus, 141 
— Staphylococcus, 140 
— structural formula, 52 
Nicotinates, 71 
Nicotinic acid, 140-147 
— ^bioassay of, 266 
— chemical name, 52 

— codehydrogenases, relationship with, 192 
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— content and distribution, 52 
— Cosmos roots, action on, 68 
— discovery, 52 

— effect on rH of medium, 21 
— function, 52, 192-193 
— hemophilic bacteria, acty., 174 
— identification as a growth factor, 27 
— intact plants, action on, 77 
— lactic bacteria, action on, 153 
— pea embryos, action on, 63 
— pea root cultures, action on, 67 
— pyrimidine group, 54 
— specificity of action, 53, 143-144 
— specificity of action on lactic bacteria, 164 
— specificity of action on microorganisms, 143 
— specificity of action on pea roots, 71 
— Staphylococcus, action on, 140 
— structural formula, 52 
— synthesis, 97 
— ^thiamin, relation with, 50 
— tomato roots, action on, 68 
Nitrobacter, in metabiosis, 247 
Nitrogen balance, in Aspergillus uiger, 4 
Nitrogen nutrition, and heterotrophism, 14 
Nitrosomouas, in metabiosis, 247 
Nitschia closterium., vit. A acty., 43, 83 
Nucleic acid, action on wheat embryos, 77 
“Nurse colonies” of Neisser, and satellitism, 
168, 245 

Nutrilites, defn., 17 

Oat flour, thiamin content, 229 

Oil of wheat germ, vit. E content, 45 

Oily seeds, vit. C content, 95 

“Old Process” race of yeast, 135 

Oleaoeae, ascorbic acid synthesis, 93 

Oligodynamic, use of term, 21 

Oncopeltus, host of Strigromonas oncopelti, 170 

Onion, fertilizers and thiamin content, 229 

— fertilizers and vit. C content, 230 

— growth factors in juice, 2 

— nicotinamide content, 52 

Oocystis, heteroauxin action on, 217 

Oomycetes, thiamin requii-ing, 107 

Oospora, 21 

Ophiostoma catonianum, nutritional require- 
ments, 135 

Oranges, vit. C content, 66 
Orchid symbionts, vit. relationships, 250-253 
Orchidaceae, albinism in, 12 
— nutrition, 11 

Organic acids, action of, 105 
Ovarian follicle, biotin content, 57 
Ovoflavin (see also riboflavin), 51 
Oxyhemoglobin, action on growth, 170 
Oxytroph, defn., 14 

Palm kernels, estrone content, 218 
Palmitate of cholesterol, acty. on Trichomonas 
eolumbae, 182 

Panthothen (see pantothenic acid) . 129-130 
Pantothenic acid, 129-130 
— acty. of, 137 
— bacteria, action on, 134 
— bioassay of, 266 
■ — biosynthesis, 98 
— chemical name, 57, 129 
— chemisti'y of, 57, 129 
— components of, 129, 151 
— crystallization, 56 
— disti-ibution. 56 
— empirical formula, 57, 129 
— function, 137 
— Ginkgo, action on, 68 
— history. 56, 129 
— intact plants, action 


— isolation, 56, 129 

- — organisms requiring, 56, 134, 135, 136 

— pea embryos, action on, 63 
— precursors, 56, 57 

— propionic bacteria, action on, 134, 157 
— Rieciocarpus natans, action on, 68 
— specificity of action on lactic bacteria, 154 
— ^specificity of action on yeasts, 137 
— structural formula, 57, 129 
— synthesis, 56, 57, 129 
Papaver, ascorbic acid content, 93 
Paprika, ascorbic acid content, 93 
Para-activators, classification of, 37 
Parasitella simplex, thiamin component re- 
quired by, 110, 115 

— ^thiamin heterotrophism, 104, 107, 115, 255 
— ^thiazole synthesis, 115, 211 
Parasitism, relation to thiamin, 107 
— relation to vitamins, 245 
Paratrophs, defn.. 17 

Paratyphoid bacillus, ascorbic acid transforma- 
tion, 177 

— Bacillus influenzae stimulation, 168 
Pear, ascorbic acid content, 93 
Peas, ascorbic acid synthesis, 95, 230 
— nicotinamide content, 52 
— riboflavin content, 51 
— ^thiamin synthesis, 88 
— vit. K content, 46 

Pea root cultures, condensation of thiamin 
components, 66, 89 
— nicotinic acid action on, 67 
— pyrimidine, synthesis lacking-, 66, 89 
— specificity of thiamin on, 69 
— specificity of thiamin components, 70, 122 
— -thiamin components required by, 110, 115 
— ^thiamin effect on cytology, 66 
— ^thiamin synthesis, 89, 115 
— thiazole synthesis, 66, 89 
— ^vit. requirements, 68 
Pear, vit. C content, 66 

Pedicularis, loss of capacity for synthesis, 11 
Pelargonium zonale, carcinogenic substances, 
221 

Pellagra-preventative vitamin in man (see 
nicotinic acid) 

Penicillium, satellitism with Phycomyces, 246 
— glaucum, reducing substances in, 176 

^thiamin hetei*otrophism. 204 

— luteurn, reducing substances in, 176 
Perfection peas, ascorbic acid action on, 63 
Peroxidase, heme and hemin as constituents 
of. 194 

Peroxidase of Wolff, action on Strigomonas, 
171 

Pfepfer medium, impurities in. 22 
Pfeiffer bacillus (see also Bacillus influenzae) , 
168 

— cozymase a factoi- foi-, 153 
— growth factor requirements, 168 
Phaeophyceae, carotinoid content, 43 
— vit. Bi content. 49 

Phalaenopsis, non-symbiotic culture of. 251, 252 
vit. content of seeds, 252 

— Schilleriana X P- amahilis, response to ex- 
tracts of 'Vida, 252 
Phanerogams, cai'otinoid content, 43 
Phaseolus, vit. A content, 80 
— multiflortis, embryo culture, 60 
— mango, ascorbic acid synthesis, 94, 95 
— vuLgare, ascorbic acid synthesis, 95 

wound hormone isolated from, 216 

Phenyl-alanine, essential to tomato roots, 65 
Phleum 2 >ratens€. carotene synthesis, 84 
Phosphotungstic acid, precipitation of Bios 
II6, 127 

Phtiocol, vit. K acty., 45 


on, 77 
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Phycomyces, 89, auxo-heterotrophism, 210 

B substances required by, 105 

carotinoids and phototropisms, 242 

carrot tissue acty., 74 

esti'one action on, 218 

extracts of autotrophic fungi, 107 

factor M, action on, 106 

factor Z, synthesis, 106, 116 

multiplicity of factors for, 104, 105 

natural dialyzates acty., 225 

NHa gi-oup action on, 120 

■ nutrition, 16 

organic acids action on, 105 

phototropisms, production of, 85, 86 

pollen grain extract action on, 78 

pyrimidine specificity of action, 121, 122 

replacement of growth factors, 209, 210 

satellitism, 246 

spores, thiamin content, 103 

-stimulation by Penicillium, 246 

^thiamin adsorption, 195 

thiamin analogue action on, SS 

thiamin components required by, 110 

thiamin components, specificity, 120-123 

^thiamin, its fate in, 90 

thiamin, function, 117 

thiamin heterotrophism, 115, 203, 205 

thiamin heterovitamins acty,, 123 

^thiamin metabolism, 117 

thiamin specificity of action, 119-122, 264 

thiamin synthesis, 114, 115 

thiamin test (procedure) , 260-261 

-causes of error, 263-264 

comparison with rat test, 262, 263 

specificity, 264 

micromethod, 262, 267 

vit. E acty., 203 

zygote formation, 29, 106 

—Blalcealeeanus, adsoi-ption of thiamin by my- 
celium, 103 

carotinoid content, 43 

carotinoid function, 85 

carotinoid synthesis, 81, 85, 242 

- — — “economic coefficient” of thiamin, 39, 102, 
103. Ill 

growth factors required hy, 106, 206 

— — liver extract acty., 26 

mechanism of action, 189 

nutritional requirements, 4, 16, 106, 235 

pyrimidine, fate of, 285 

sexuality factors, 234, 235 

thiamin action on, 2, 3, 101-103, 112 

thiamin components, replacement of whole 

molecule, 109 

thiamin components, union of, 109 

thiamin content, 114 

thiamin heterotrophism, 107, 204, 255 

— — thiamin synthesis, 101, 102, 114 
— — thiamin test for soil vitamins, 224 

thiazole, fate of, 109 

vit. A acty., 83 

vit. Bi action on, 25, 28, 29, 31, 102 

zygote formation, 29, 234 

Phycomyces test for thiamin, 66, 76, 88, 114, 
228, 229, 260, 26.5 

— detection of vit. Bi in blood, 267 
— micromethod, 262 
— specificity, 119, 120, 264 
— use with pea plants, 88 
Phycomycetes, carotinoid content, 43 
— thiamin, “economic coefficient”. 111 
-—thiamin requiring, 107 
Phylloquinone {see vit. K) 

Physalin, formation in Physalis, 84 
Physalis A-lJceTcenyi, physalin content, 84 
Physico-chemical propei-ties of the medium, 20 
Phytohormones, classification, 36 


Phytol, vit. precursor, 45, 86, 87 
Phytomastigina, thiamin requiring, 108 
Phyto'phthora, carrot tissue acty., 74 

sexuality factox-s, 233 

^thiamin heterotrophism, 115 

^thiamin (whole molecule) test, 66, 114, 

260 

— JBoehmeriae, thiamin (whole molecule) re- 
quired by, 110 

— cavsici, thiamin (whole molecule) required 
by. 110 

— cinnamomi, growth factors required by, 206 

thiamin hetex’otrophism, 107 

— cryptogea, thiamin (whole molecule) required 
by, 110 

— Drechsleri, thiamin (whole molecule) re- 
quired by, 110 

— erythroseptica, test object for thiamin in 
soil, 224 

— palmivora, thiamin (whole molecule) re- 
quii-ed hy, 110 

— parasitica., thiamin heterotrophism, 107 

thiamin (whole molecule) required by, 110* 

Phytoplankton, vit. A acty., 44. 83 
Phytosterol, 44 

Picea abies, and mycori-hizal fungi, 250 
- — canadensis, vit. K synthesis, 86 
— ccecelsa, and my corxhizal fungi, 249 
Beta-Picoline, 71 

Picroci’ocin, pi’oduction in Crocus, 242 
— -sexual substance of Chlaniydo7nonas, 239 
Pigeon, dermititis, 54 

— thiamin components action on, 110, 115 
— thiamin specificity, 119, 121-122 
Pigeon dung, action on Begonia, 228 
Pilaira anomala, thiamin heterotrophism, 255 
Pimelic acid, action on mici'oorganism.s, 184- 
185 

— Coryncbacterium, action on, 26, 184, 205 
— physiological role, 184 
— sexual effect on Achlya, 234 
— specificity of action, 184-185 
Pine. vit. C content, 56 

Pinus yuontana, and mycori'hizal fungi, 250 
— strobuH, and mycurrhizal fungi, 250 
—sylvestris, and mycorrhizal fungi, 240, 250 
P i ptoccphalts Fresenianus, auxo-autoti‘oph ism,. 
255 

Pirola, 12 
Pisutn, 121 

ascorbic acid synthesis, 201 

biotin content, 61 

-carcinogenic substances action on. 221 

— ^embryo cultui-es, 61-63, 253 

growth factors for orchids, 252 

root formation on etiolated cuttings, 20 

stem cultures, 7 5 

thiamin metabolism, 118 

— thiamin, specificity of action in root, 

69-71. 110 

• -vit. A content, 83 

vit. C synthesis, 93 

vit. K synthesis, 86 

— xanthophyll/carotin ratio, 43 

— sativum, ascoi-bic acid synthesis. 05 
Plastid, protein synthesis, 14 
- — role in cell, 9 

Pnc’u7uococcus. stimulation of Bacillus influen- 
zae, 168 

Poa alpina, estrone action on, 220 
Pollen dialyzates, stimulation of Phycoinyees, 
225 

Pollen grain germination, 78 

Polygonatum niuLtifloruni, vit- C content, 02 
Polymastigina, dependence on ascorbic acid, 
180 

Polyneuritis. 1 
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Polypodiu7)i, vit- Bi content. 49 
Polyporueeae, growth factor requirements, 26 
Polyporales, thiamin, requiring, 107 
Polyporus, stimulation of bacteria, 168, 246 
— abietinus, thiamin heterotrophism, 107 
— adustus, “economic coefficient” of thiamin. 
39, 111 

reciprocal stimulation, 248 

■ thiamin heterotrophism, 107, 117, 204 

— henzo'inus, thiamin heterotrophism. 107 
— fomentarius, thiamin heterotrophism. 107 
— Sprasrueif thiamin heterotrophism, 107 
PoLytoyna caudatum, thiamin components re- 
quired by, 110 

^thiamin heterotrophism, 108 

— ocellcLtuyn, thiamin component required by, 
110 

thiamin heterotrophism, 108 

- — uvella, 12, 13 
carotene synthesis, 82 

Polytomella, agilis, action of soil extracts on, 
223 

— caeca, thiamin components action on, 109 

^thiamin heterotrophism, 108 

PopuLus, cambium culture, 74 
Potato, ascorbic acid destruction, 230 
— fertilizers and vit. C content, 230 
— nicotinamide content, 52 
— riboflavin content, 51 
— vit. Bi content, 49 
— vit. C content, 56 
— vit. K content, 46 

Potato bacillus (see Bacillus 'mesentericus) 
Potato extracts, action on propionic bacteria, 
157 

PatentUla fruticosa, presence of crocin in, 242 
Prasiola, stimulation of Azotohactei', 166 
Primx'oses, action of animal hormones on, 219 
Primula pialaco'ides, growth stimulation, 2, 3 
Proline, essential to tomato roots, 65 . , 

Propionihacterium arabinosum, pantothenic 
acid acty., 134, 157 

potato extract action on, 157 

^thiamin requirement, 157 

— Preudenreichii, pantothenic acid acty., 184, 
157 

potato extract action on, 157 

thiamin requirement, 157 

— Jeusenii, pantothenic acid acty., 134 

potato extract action on, 157 

^thiamin requirement, 157 

■ — peutosacewn, biosynthesis of vitamins (train- 
ing) , 199 

cysteine action on, 185 

“economic coefficient" of thiamin. 111 

glutathione action on, 185 

— — pantothenic acid acty., 134 

pantothenic acid test, 266 

potato extract action on, 157 

thiamin heterotrophism, 107, 189 

thiamin mechanism of action, 189 

thiamin requirement, 157 

thiamin test object, 259 

— Petersonii, thiamin mechanism of action, 189 
—Sher^nanii, pantothenic acid acty., 134, 15 7 

— technicu'tn, growth factors in milk, 149 
— Thouii, pantothenic acid acty., 134, 157 

potato extract action on, 157 

thiamin requirement, 157 

- — Zcae, pantothenic acid acty., 134, 157 

potato extract action on, 157 

thiamin requirement, 157 

Propionic bacteria, gi'owth factor- requirements, 
157-158 

— I^antotheoic rcid action on, 134, 157 

Prc teus Morgaiiii, jjantothenic acid test, 266 
Protista eukarya, use of term, 12 
— protokarya, use of term, 12 


Protoautotroph, defn., 14 

Protocrocin, action on Chlamydonionas, 240 
Protohemin, acty-, 171, 194 
Protophytol, 85 

Protoporphyrin, action on Strigoynonas, 171 

— structural formula, 171 

Protozoa, characteristics, 13 

Protozoans, thiamin specificity, 119 

Provit. A (see also carotene), 42 

Provit- Da, 44 

— occurrence in plants, IS I 

Provit. Da, D 4 , Db, 44 

Prunes, nicotinamide content, 52 

Pruyzus ilicifoUa, action of thiamin on, 76, 227 

Pseudo-diphtheria bacillus, stimulation of B. 

iyvfLuenzae, 168 
Pseudo-growth -factors, 23, 38 

Pse'udoynoyyas tuynefacicns, relation to hetero- 
auxin, 21 s 

Pteridophytes, vit- Bi content, 49 
Pussy willow, occurrence of estriol in, 218 
Pyocyanic bacillus (see Bacillus pyocyayietis) 
Pyridoxine, 54, 130-131, 150-151 
— action on intact plants, 77 

— action on lactic acid bacteria, 148, 150, 156 
— action on tomato roots, 66, 67 
— ^bioassay, 265 
— chemistry, 54 
--growth curves, 130, 131 
— isolation, 54 

— specificity of action, 55, 135, 156 
— structural formula, 54 
— synthesis, 97 

Pyrimidine, condensation with thiazole, 48 
— identification, 47 
— Phycomyces, required by, 121 
— rat, effect on, 3 
— recipi-ocal stimulation, 248 
— specificity of action, 69, 70, 120-124 
— ^tomato root cultures, action on, 65 
— Ustilago, action on, 234 

Pyro'neyyia conflueyis, hetei'oauxin action on, 217 
— thiamin and biotin action on, 217 
Pyruvic acid, classification as a phytohormone, 
36 

— relation to growth of Aspergillus, 35 
Pythiomorpha gonapodioides, test for thiamin 
in soil, 224 

Pythiuoi Butleri, growth factor requirements, 
107 

pyrimidine synthesis (training), 200, 203 

thiamin component required by, 109 

thiamin components, synthesis of, 116 

thiamin heterotrophism, 109 

deBaryariuyn, vit. A content, 80 

Quercitol, structural formula, 136 
Quercus Robur, biotin content, 137 

Radish, actiom of thiamin on, 77 
Radish root cultures, vit. requirements, 68 
Raflfinose, and gametic motility, 237 
Raphanits, ascorbic acid synthesis, 9 5 
Rat, effect of vit. Bi on, 2, 3 
— thiamin heterotrophism, 115 
“Rat acrodynia” factor {see vit. Be) 

Rat pellagi-a factor {sec vit. B»0 
Reciprocal (bilateral) stimulation, defn-, and 
txampies, 24S 

Red blood corpuscles, and codehydrogenase II, 
53 

“Red bodies”, role in Rhizobiuiyt, 161 
Redox potential, effect on growth, 20 
Red yeast, cai-otene content, 43 
— carotinotd synthesis, 83 
Reizstoffe. use of term, 34 
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Replacement of gi-owth factoi*s, 123, 135, 142, 
208-210 

Respiratory coenzymes, history of, 51 

i-Rhamnoascorfeic acid, acty., 56 

Hhizobium, action of bacterial infusions on, 167 

basal medium for, 161 

growth factor requirements, 160-166 

— heteroauxin synthesis, 217 

mineral elements action, 166 

redox potential, relationship, 161 

-symbiosis and growth factors, 253 

^thiamin heterotrophism, 107 

- — japonicum, respiratory quotient, 161 
— leguminosarum, respiratory quotient, 161 
— tneliloti, pantothenic acid synthesis, 253 

respiratory quotient, 161 

— prifolii, biotin required by, 134, 160, .164 

growth factors required by, 160, 162, 163, 

165, 166 

respiratoi'y quotient, 161 

^thiamin occurrence in, 259 

Rhizocaline, 75 

lihizoctomiat auxo-autotrophism, 251 
— AbietiSt cultural requirements, 249 
— mucoroides, growth factors for Phalaen-opsia, 
252 

— silvestris heta, cultural requirements, 249 
— silvestris gamma, cultural requirements, 249 
— Stuarti, orchid seed germination, 251 
Rhizopods, thiamin requiring, 107 
Rhizopogon roseolus, biotin action on, 250 
— thiamin action on, 260 

Rhizopus spp., effect of pollen grains on, 78 

thiamin inhibition, 104, 110 

— chinensis, thiamin inhibition, 104 
— japonicus, thiamin inhibition, 104 
— nigricans, thiamin inhibition, 110 

zinc action on, 23 

— nodosum, thiamin inhibition, 104 
— Oryzae, thiamin inhibition, 104 
— suinus, heteroauxin action on, 217 

heteroauxin presence in, 216 

nutritional requirements, 17 

thiamin inhibition, 104. 135 

— tonkinensis, thiamin inhibition, 104 
— tritici, thiamin inhibition, 104 
Rhizosphere, organisms inhabiting, 225 
Rhodophyoeae, carotinoid content, 43 
— vit. Bi content, 49 

Rhodotorula glutivis, var- Satoi, animal hor- 
mone action on, 218 
— rubra, 109, 110. 121 

economic coefficient of thiamin, 39, 111 

-growth factor's required by, 206 

^measurement of growth factor action, 30 

minerals and their action on, 23 

-pyrimidine specificity of action, 121 

pyrimidine test object, 265 

reciprocal stimulation, 248, 249 

symbiosis (artificial) , 114 

synthesis of vitamins (training), 199, 211 

thiamin component required by, 109, 110. 

114 

thiamin content, 260 

— —thiamin heterotrophism, 107, 115 

^thiamin specificity of action, 119 

thiamin synthesis, 114, 116, 260 

thiazole synthesis, 114 

— Sanniei, carotinogenesis, 85 

carotinoid content, 43 

-pyrimidine synthesis, 200, 203 

thiamin heterotronhism, 107 

vit. A acty., 43, 83 

— Suganii, estrone action on, 218 
Ribes aureum, presence of crocin in, 242 
Riboflavin, 50 
— ^bioassay, 265 
— chemical name, 51 


— content and distribution, 51-52 
— effect on rH of medium, 21 
— function, 191-192 
— intact plants I'esponse to, 77 
- — isolation and crystallization, 51 
— ^lactic bacteria, action on, 148-151 
— occurrence, 88, 148, 191 
— relation to magnesium, 98 

— specificity of action on lactic bacteria, 155 
— specificity of action on the rat, 155 
— structural formula, 51 
— synthesis, 88, 97, 148 
— yellow enzyme” relationship, 191 
Ricciocarpxis natans, pantothenic acid action 
on, 68 

Rice, enei'gy balance in, 5 
Rice germ, thiamin content, 229 
Rice polishings, anti-ancmic factor, 58 
— ^thiamin content, 262 
Roots, carotinoid content, 43 
— ^tissue cultures, 73-74 
Root cultures (isolated tips) , 64 
— of Pisum, 65 

— specificity of growth factors, 69 
— of tomato, 65 
— ^vitamin requirements, 68 
— -vitamin synthesis, 64 
— of 2ea Mays, 64 

Root dialyzates, stimulation of Mucor, 225 
Rose, ascorbic acid content, 93 
Rye, estrone action on, 219 
— fertilizers and vit. Bi content, 229 
— pi’olan A action on, 219 
Kyc germ, thiamin content, 229 

Saccharomyces, ascorbic acid ACTION ON, 177 
— Rhizohium Viutrilion comparison, 160, 165 
Saccharomyces cerevisiae (.see also yeast) 

— bios VII and bios VIII not required by, 181 
— biosynthesis, stability of, 198 
— ^biotin test, 266 

— cysteine and glutathione action on. 185 
— estrone action on, 218 

— growth factors required by, 108, 130, 131. 

133, 135, 206 

— heteioauxin aci.ion on, 217 
— inositol test. 267 

— pantothenic acid i-equi remen ts. 56, 13*5 
— pantothenic acid test. 266 
— pyridoxine test. 265 
— thiamin heterotrophism, 107 
— thiamin specificity of action, 136 
Saccharoitiyees cerevisiae galactosus. bios V not 
required by, 131 
— Pudtoigi, vit. A content, 80 

—hanseniaspora valbycnsis, bios fractions re- 
quired by, 131 

• — mandshuricus, growth factor requirements. 
135 

Saccharomyces unit, defr , 128 
Saccharose, and gamete motility, 237 
— and root formation, in Pisum, 29 
Saffron, picrocrocin and crocin occurrence, 242 
Safranal, sexual substance for Chlamydomonas, 
239 

Sake, its production and metabioais. 247 
Salix 

— capraea, cambium culture, 74 
— fragilis, biotin content, 137 

Salmonella Schott tniilleri, ascorbic acid trans- 
formation, 177 
Salvia, carotinoids in, 242 

Salvinia natans, growth stimulation by aux’- 
mones, 1 

Sambucus nigra, action of carcinogenic sub- 
stances, 221 

Saprolegnia. and the SH group. 185 
Sarcina, stimulation of Strigomonas, 246 
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■lutea, stirnulation of B. influenzae, 16S 
Satellitism, defn., 168. 245 
— vitamins in relation to. 246 
Schizophijlluni commune, sexuality and growth 
facto I’s, 23 S 

— thiamin component required Toy, 109 
— thiamin heterotrophism, 107 I 

■ — thiamin specificity. 119 ^ 

Schizotrypanum cruzi, ascorbic acid action on 
175. 180 

— growth factors required by. 176, 206 
— hemin. a factor for, 172 

Sclerotinia ci-nerea, thiamin heterotrophism, 204 
Scrophularia, and heterotrophism, 11 
Scrophulariaceae, autotrophic members, 11 
Scurvy, 55 

SH group, ascorbic acid relationship, 185 
— and cell division, 185 
— in glutathione, 55 
— organisms requiring, 185 
— vit. A i-elationship, 1S5 
— w’heat seedlings response to, 68 
Seduyu, flower production in. 232 
Seed dialyzates, stimulation of fungi, 225 
Seynpervivum, flower production, 232 
Serine, action on tomato root cultures, 65 
Sex determination, in Chlamydomonas, 23 ^ 
Sexuality, gi'owth factors in relation to. 232- 
243 

— Achlya factors, 232 
— in flagellates. 236-240 
— in higher plants, 232-233 
— in microorganisms, 233-243 
— Phycomyces factors, 234 

Shigella dyssenteriae (see also dysentery bacil- 
lus) , specificity of nicotinic acid, 71, 144 
Shoot, carotinoid content, 43 
Sitodrepa, symbionts of, 264 
Gamma-Sitostanol, action on Trichomonas, 182 
Sitosterol ( 7-dehydrosterol) , 44 
Gamma-Sitosterol, action on Trichomonas, 182 
Sodium acetate, and carotinoid production, 83 
Soil, vitamins in, 223-226 

Soja (see also soybean), carotinoids, distribu- 
tion in, 242 

Solanum lycopersicuni, carcinogenic substances, 
221 

Sorbitol, 55 
Z-Soi*bose, 55 

Sordaria fitnicola, test for biotin in soil, 224 
Soybean (see also Soja) 

• — nicotinamide content, 52 
— provit. Do in, 44 
— vit. K content, 46 

Specificity of action, of bios substances, 136 
— of cholesterol on Trichoynonas, 182-183 
— of growth factors on lactic bacteria, 154-157 
— of growth factors on roots, 69 
Spermophthora Gossypii, vit. A content, 80 
Sphaeruliyia trifolii, thiamin heterotrophism, 
107 

Spinach, ascorbic acid destruction in, 230 
— cai'otin content, 43 

— fertilizers and vit. synthesis, 228-230 
— nicotinamide content, 62 
— riboflavin content, 51 
— vit. Bi content, 49 
— vit. K content, 46 
— xanthophyll/carotin ratio, 43 
Spirogyra, vit. Bt content, 49 
Spore-fox*ming aerobic bacteria, ascorbic acid 
transformation, 177 

Sporodhyia grandis, acty. of extracts, 104 
“Spoi-ogenj-s vitamin*', B. hotulinus factor, 140 
— marmite as a source of, 140 
Spoi'ozoa, vit. A synthesis, 80 
Spruce, vit. C content, 56 


Spurenbausteine (see mieronutrients) 

Stachi/s, ascorbic acid synthesis, 95 
Staphylococcus, Bacillus influenzae stimulation, 
168 

riboflavin content, 52 

Strigoyyionas stimulation, 246 

^thiamin components specificity of action. 

120-121 

^thiamin heterotrophism, 204 

— albus, action of nicotinic acid on, 141 
— aureus, amino acids and growth of, 145-147 

^amhio acid synthesis, (“training*’). 146 

-Bacillus influenzae stimulation, 168 

biotin action on, 152 

iulture of, 140 

:onomic eoeflScient of thiamin. 111 
•rowth factors required by, 108, 141-142, 
206. 208 

nicotinic acid acty., 27, 52, 140, 141 

nicotinic acid specificity of action, 71, 141, 

143-144 

pyrimidine specificity of action, 120, 121 

replacement of growth factors, 208, 209 

satellitism. 168, 246 

thiamin components, 108, 141 

^thiamin heterotrophism, 107, 108, 115, 189 

^thiamin mechanism of action, 117, 189 

^thiamin specificity of action, 119, 120 

^thiamin test object, 164, 259 

^thiazole specificity of action, 120 

uracil acty.. 144-145 

— pyogenes aureus, biotin synthesis, 151 

^factors required by, 133 

^nicotinic acid acty., 140 

Starchy seeds, vit. C content. 95 
Steinina ovalis, vit. A synthesis, 80 
Stellaria media, tissue cultures of stem, 75 
Stereuyyi frustulosum, thiamin heterotrophism, 
107 

Sterols, in bacteria, 181 
— derivatives, 44 
— specificity of action, 132, 136 
Stimulants (ReizstofiCe) , use of term, 34 
Stimulation, reciprocal (bilateral) , 245, 248 
— unilateral, 245 
Strawberry, vit. K content, 46 
Streptobacteriuyn casei, nicotinic acid action on, 
153 

riboflavin specificity of action, 155 

— casei 11, pantothenic acid dosage, 151 

riboflavin action on, 150 

— plantaruyyx, ascorbic acid action on. 153 

^biotin action on, 151 

cozymase action on, 151 

G fraction acty.. 151 

growth factors in milk, 149 

growth factor requirements, 151. 153 

pyridoxine acty., 151 

pyridoxine test object. 265 

^thiamin requirement. 153 

— plantaruni (strain lOS) amino acids I'e- 

quired by, 154 

pyridoxine specificity. 156 

Stieptococci, pantothenic acid in X'elation to, 
134 

— riboflavin synthesis, 150 

Streptococcus creyyioris, ascorbic acid synthesis, 
176 

— faecium, growth factors in milk, 149 
— glycerinaceus, gi-owth factors in milk, 149 
— hemolytic (Dochez NY5), pantothenic acid 
specificity of action, 134, 154 
— lactis, ascorbic acid action on, 177 

ascorbic acid synthesis, 176 

pantothenic acid required by, 56, 134, 154 

pantothenic acid specificity of action, 154 

pantothenic acid test, 266 
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riboflavin required by, 150 

riboflavin synthesis, 150 

— Iactis^l25, pantothenic acid action on, 134, 
151 

- — laetis M 13, growth factor requirements, 154 
— li<iuefac.ien@, growth factors in milk, 141) 

— niastilidis, growth factoi*s in milk, 149 
-—mucosus, ascorbic acid transformation, 177 
- — paracitrovoTUSt riboflavin action on, 150 
— vitrovorus, ascorbic acid synthesis, 176 
— zipnoffenes, pantothenic acid specificity of 
action, 134 

Streptothrix corallinus, mannitol as a growtii 
factor, 135. 136 
— and metabiosis, 247 

Strigomonas, stimulation by contaminants, 246 

thiamin heterotrophism, 115 

thiamin specificity of action, 120 

- — culicidarum, growth factors required by, 175 

^thiamin heterotrophism, 108 

— culicidarum var. anophelia, hemin required 
by. 172. 175 

^thiamin molecule required by, 110 

— fasciculata. blood required by, 170 

growth factors required by, 108, 175, 206 

hemin action on, 172 

hemin specificity of action, 171 

thiamin hetefotrophism, 108 

^thiamin molecule required by, 110 

■ — tnuscidarurn, hemin required by, 172 
— Onco^ielti, blood required by, 170 

growth factors required by, 175, 206 

thiamin heterotrophism, 108 

thiamin molecule required by, 110, 175 

Sunflower root cultures, vit. requii’ements, 68 
Surface tension, effect on growth of organisms, 
21 

Symbionts of insects, 254 
Symbiosis, 245 
— in higher plants, 249 
— in microorganisms, 245 

— of Mucor and Khodotorula, 248, 249 (Plate 
III) 

— relation to vitamins, 245 
Synergism, defn., 245 

Synthesis, evolution of capacity for, 11 
Synthetic media, 20 

Syringia vulgaris, occurrence of crocin in, 242 

Tea leaves, bios I content, 126 
Temperature, ascorbic acid synthesis, 96 
Test organisms fox' vitamins, chai-acteristics, 
267 

Thallixim, catalytic action, 22 

Theelin {see also estrone) , effect of floral px'o- 
duction, 233 

Thermobacterium acidophilum (sec Bacterium 
Leishtnannii ) 

Thiamin {see also vit. Bi) 

— algae, members requii'ing, 108 
— assay, 114, 254. 257-262, 264 
— A.zotohacter, content, 225 

— biosynthesis, analysis of capacity, 114-117 
— biosynthesis in mici oorganisms, 117-118, 213 
— biosynthesis in pea plants, 66, 88, 89 
— chemical tests for, 258 

— and classification of organisms, 110 (Plate 
II), 204 

— complete molecule, 101-108 
— components as growth factors, 108-110 
— components, specificity of action, 69, 70, 

120-124 

— content in food plants, 228 
- — ^function, 187-191 

— heterotrophism in various organisms, 115 
— higher plants, action on. 226-227 
— lactic bacteria, action on. 153 


— metabolism, 88, 89, 90, 117, 118 
—microorganisms, action on. 111 
— mycorrhizal fungi, action on, 250 
— occurrence in animal excreta, 225 
—occurrence in soil, £24 
— org-inisms requiring, 107-108 
0- — Bhycomyces assay, 260-262 
— Phycomyces response to, 2, 28, 29, 102 
— pigeons, action on, 121 
— Polyporaceae, members requiring, 26 
■ — SchizopKyllum, action on, 233 
— sexual effect on Phycomyces, 234 
— specificity of action, 40, 118-12 0, 136 
- — stimctural formula, 119 
— synthesis in peas, 88 
Thiaminase, defn*, 118, 212 
Tliiazolase, defn., 118, 212 
Thiazole, biosynthesis in pea roots, 89 
— identification, 47 
— isolation, 47 
— Mucor, nutrition of, 223 
— occurrence in soil, 224 
— precursors, 48 
- — rat, action on, 3 
- — I'eciprocal stimulation, 248 
— specificity of action, 69, 70, 120-124 
— structural formula, 69 
• — ^tomato root cultures, nutrition of, 65 
Thiochrome, activity on organisms, 119, 120 
— inactive on pea roots, 69 
— occurrence in cells of AlUu7n, 87 
— structui’al formula. 119 
— test for thiamin, 258 

Thioformamide, as a precursor of thiazole, 48 
Tillctia horrida, thiamin heterotrophism, 107 
— tritici, thiamin heterotrophism, 107 
Tissue cultures, defn., 73 
— of embryos, 60 
— of embryonic organs, 73 
— mex'istematic, 73 
— of roots, 73-74 
— of stems, 75 
- — 'vitamin action on, 73 
o-Tocopherol (see also vit. E), 44-45 
— biosynthesis, 86 
— empirical formula, 44 
— specificity of action, 45 
— structural formula. 45 
Beta-Tocopherol, acty., 45 
— formula, 44 

Gamma-Tocopherol, acty.. 45 
Tomato, animal hormones action on, 219 
— carotene synthesis, 84 
— colchicine action on. 220 
— estrone action on, 219 
— fei'tilizers and vit. synthesis, 228 
• — riboflavin content, 51 
— thiamin action on, 77 
— vit. C content, 56 
— vit. K content. 46 

Tomato root cultures, pyrimidine synthesis, S9 
— ^thiamin action on. 2, 3 (Plate I) 

— thiamin component required by, 110, 115 
— thiamin synthesis, 66, 114, 115 
Torula, artificial symVjiosis, 114 

— -fcrmrntaLi, thiamin heterotrophism, 107 

— [jauTcntii, thiamin components acty.. 109 

thiamin heterotrophism. 107, 109 

Trace elements, as in’r.'urities in media. 22 
— use of the term. 40 

Traumatin (see wound hormone) 

Traumatism, in relation to tissue cultures, 73 
Trentay>ohlia, vit. A content, 44 
- — -aurea, vit, A acty., 83 

Tricholoma albobrunneurn, action of thiamin 
on, 250 

— imhricatum, action of thiamin on, 250 
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— nudutn, thiamin heterotrophism, 107 
— pessundatum, action of thiamin on, 260 
Trichomonadidae, ascorbic acid required by, 180 
Trichomonas^ sterol as a factor for, 44, 181 
— batrachorum, cholesterol action on, 182 

— {growth factor requirements, 182 

— columbae, cholesterol action on, 182 

cholesterol specificity of action, 182 

growth factor requirements, 180, 182 

sterol test organism, 181 

— foetus, cholesterol action on, 182 

—growth factor requirements, 180, 182, 206 

Trichophyton albicans, and sui'face tension of 
culture naedium, 21 

— album, growth factor requirements, 135 
— inter digitalis, growth factors required by 
135, 206 

—replacement of growth factors, 209 

Trigonelline, antipellagra aety., 53, 143, 144 
— structural formula, 63 

Triphosphopyridine nucleotide (see also code- 
hydrogenase II) 

— identity with factor V, 173 
Triticum, ascorbic acid synthesis, 96 
- — carotin content, 43 
— estrone action on, 219 

Trypanosome, dependence on ascorbic acid, 180 
Trypanosomides, growth factor requirements, 
170 

Tryptophane, 140 

TS factor, required by Schizotrypanutn cruzi, 
ISO 

Tubercle bacillus, response to ascorbic acid, 177 
Tulipa, pollen grains, acty- on fungi, 78 
— australis, crocin occurrence in, 242 
Tungsten, catalytic action of, 22 
Turnip, vit. C content, 56 

Typhoid bacillus, stimulation of Bacillus in- 
fluenzae, 168 

Typhus group of bacteria, pantothenic acid 
inactive on, 134 
Tyi*osine, 140 

Vlmus, CAMBIUM CU1.TURT3, 74 
Ulotrichales, ascorbic acid action on, 179 
— thiamin requixnng, 108 

Uracil, action on Staphylococcus aureus, 144 
Urine, thiamin content, 225 

Uronema, action of ascorbic acid and thiamin 
on, 179 

— Barlotoi, action of ascorbic acid on, 179 
— gigas, ascorbic acid action on, 179 

thiamin heterotrophism, 108 

Uropterine (see xanthopterins ) 

Ustilaginales, thiamin requiring, 107 
Ustilago, thiamin heterotrophism, 107 
— avenae, thiamin autotrophism, 107 
— bromivora, thiamin autotrophism, 107 
— levis, thiamin autotrophism, 107 
— nuda, sexuality and growth fators, 233 
— scabiosae, I'eplacement of growth factoi-s, 
208, 210 

thiamin components, response to, 109 

thiamin heterotrophism, 107, 211 

— tritici, thiamin autotrophism, 107 
— violacea, biosynthesis of thiamin, 116, 198. 

211 

gi'owth factors required by, 106 

growth curves, 31 

— — -pyrimidine specificity of action, 121 

replacement of growth factors, 208, 210 

thiamin components specificity, 121 

thiamin dosage, 112 

^thiamin economic coefficient, 39, 111 

thiamin heterotrophism, 106, 107 

thiamin heterovitamins, acty., 123 

■ - thiamin specificity of action, 119 


^thiamin test object, 265 

V FACTOR, 173 

Valine, action on tomato roots, 65 
Vallisneria, action of histidine on cyclosis, 218 
"Valsa pini, gx*owth factor requirements, 135 
— ^thiamin heterotrophism, 107 
Vanadium, catalytic action, 22 
Vernaline, defn,, 232 

Vibrio alcaligenes, thiamin autotrophism, 107 
Vicia Faha, ascorbic acid synthesis, 95 
— estrone action on, 219 
- — growth factors for Fhalaenopsts, 252 
Vinyl group, action on Strigomonas, 171 
Viscosity, of culture media, 21 
Vitamins (see also growth factors), assay, 25 7 
— ^biosynthesis, 80-99, 198-214 
— classification, 35 
— coenzyme action, 34 
— cycles, 227 

— defn. (of author), 38, 40, 195 
— -defn. (classical) , 1, 33 
— enzyme systems in relation to, 194-196 
— function, 187-196 
— ^higher plants, action on, 226 
— list, 10 

— occurrence in soil, 225-226 

— relation to hormones of cell division, 215-216 
— relation to hormones of cell elongation, 216- 
218 

— r61e in agriculture and horticulture, 223 
Vit. A, bioassay, 257 
— biosynthesis, 80-81 
— -content in food plants, 229 
—cycle in nature, 227 
— equilibrium, with glutathione, 10 
—function, 187 , 

— occurrence in i-ed corpuscles, 9 
— SH group, relation to, 185 
— stx'uctural formula, 42 
Vit. Ai. 42 
Vit. Aa. 42 

Vit. B complex, members with bios activity, 57 
Vit- Bi (see also thiamin) 

— bioassay, 257 
— biosynthesis, 87-90 
— chemical synthesis. 48, 49 
— cocarboxydase component, 190 
— components and pc. a root cultui'es, 65 
— components and tomato root cultures, 65 
— content in wheat, 229 

— diazotized 2, 4-dichloraniline assay, 258 
— discovery, 47 
— distribution in plants, 49 
— effect on cytology of pea roots, 66 

— empirical fox-mula, 47 

— fox'maldehyde-azo assay, 258 
— germination of pollen. 78 
— germination of seeds, 75 

— heterovitamins of, 50, 123 
— isolation. 47 

—mechanism of action, 188-190 
— multiplicity, 49 

— occuri-ence in flowering plants, 228 
— organisms requiring, 107 
— pea root cultures, action on, 65 
- — PJiifco tnyces, action on, 102, 103, 107 
— Phycornyces test; 66. 260 
— Phytophthora test, 66, 260 
— Pisutu embryos, action on, 62, 63 
— Propionihacterimii pentosaccutn test, 259 
— protozoan test, 259 
— rats, action on, 3 
— relation to bios, 126 
— roots of Cosmos, action on, 68 
- — root formation on cxittings, 75 
- — specificity of action (general), 49 
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— specificity of action on animals. 70 
— specificity of action on flagrellates, 70 
— specificity of action on roots, 69-70 
— Staphylococcus test, 259 
— sti’ucture of molecule, 47, 48 
- — synthesis in pea roots, 66 
— thiochrome test, 258 
— tissue cultures, action on, 74 

— tomato root cultures, action on, 2, 65, 67 
— Ustilago violaoea, action on, 107 

— yeast fei-mentation test, 258-25) 

Vit. Ba (see i-iboflavin) 

Vit. Ba complex. 54, 67 
Vit. Be (see pyridoxine) 

Vit. C (see also ascorbic acid), 55 
— ^barley seeds, content. 93 
—biosynthesis, 55, 62, 64, 92-97 
— chemical name, 55 

— content and distribution, 56, 62, 92, 93, 95, 
96 

— cytology, 92 

— embryos of Pisum, action on, 63 
— historical, 55 
— homologues, 66 
— reduction, capacity for, 55 

— specificity of action, 56 
• — structural formula, 55 
Vit. D, 44 

— as a growth factor for microorganisms, 181- 
184 

Vit. Da (calciferol), 44 
— precursor in plants, 181 
— synthesis, 1 1 

— Trichomonas, not stimulated by, 183 
Vitamins Da, D-i, Ds, 44 
Vit E (see also a-tocopherol ) 

— biosynthesis, 86 
— content, 45 
— distribution, 45 
— specificity of action, 45 
— vit. K, relationship, 87 
Vit. H (see hiotin) 

Vit. K. biosynthesis, 86-87 
— content and distribution, 46 
— function, 193 

— microorganisms requiring, 17 

— physiological action, 198 

— specificity of action, 46 

— vit. E. x*elationship, 87 

Vit. Ki. 45 

— acty., 46 

— precursors, 45 

— sti’uctural formula, 4 6 

— synthesis, 45 

Vit. Ka, acty., 46 

—structural formula, 4 6 

Vit. M, 58 

Vitazymes, defn., 34 

Volvocales, thiamin requiring, 108 

Water soluble vitamins, 10. 47 
Wheat, thiamin synthesis, 228 
Wheat bran, thiamin content, 229 
Wheat extracts, action on propionic bacteria. 
157 

Wheat gei'm, orchid seed germination, effect, 
on, 251 

— thiamin content, 228, 229, 262 
— vit. E content, 80 

Wheat grain, anti-anemic factor, 58 
— fertilizers and vit. Bi content. 229 
— nicotinamide content, 52 
— thiamin content, 228, 229 
— vit. K content, 46 

Wheat seedlings, effect of SH radical on. 68 
White’s solution, 65 


“Wirkgruppe", use of term, 34 
“Wirkstoffe” {see active substances) 

Wistaria sinensis, occurrence of croein in, 242 
Wound hormone, acty., 216 

X FACTOR, GENERAL DISCUSSION OF, 169 
■ — root formation in Piswn, 29 
Xanthine, action on wheat embryo, 77 
Xanthium pennsylvanicum, biosynthesis of 
floral substances, 233 
— -thiamin action on growth, 76 
Xanthophyll, accumulation in Dictyococeus ci 7 i- 
nabarinus, 82 

— accumulation in Physalis Alkeke^igi, 84 
Xanthophyll/carotin ratio, 43 
Xanthopterine, anemia-prevention. 58 
— occurrence, 58 

2-Xylose, and ascorbic acid synthesis, 55 
Z-Xylosone, 56 

Y GENES, IN Zea Mays, 242 

Yeast {see also Saccharo7nyces ce7-einsiae ) „ 

125-139 

— amino acid assimilation, 132 
— anti-anemic factor i*equired by, 57 
— assay of vitamins, 31 
— auxo-heterotrophism, 205 
— Azotobacter, stimulation of, 166 
— bios constituents, acty., 133-136 
— bios in relation to, 125-137 

— biotin adsorption, 195 

— carcinogenic substances action on, 221 
— cholesterol effect on, 184 
— cocarboxylase extraction, 188 

— ergosterol content, 181 
— estrone action on, 218 

— “Fleischmann bakers’ ” race, 135 
— “Gebriider Mayer" race, 135 
— growth factors for Phalacnopsis, 252 
— growth factors required by, 130, 13r>, 208 
— heteroauxin occuri'ence in, 216 
— inhibiting substances, acty., 23 
— -Kombucha symbiont, 176 
— metabiosis and "sake” pi'oduction, 247 
— "Old Pi'ocess" race, 135 
---pantothenic acid assay, 266 

— pantothenic acid requirement, 56, 57, 98, 151 
— provit, D 2 content, 44 
— pyridoxine required by, 130, 151 
— replacement of growth factors, 209 
— response to growth factors in sugar, 25 
— sterol specificity. 132. 136 
— Strip ooionas response to, 246 
--substances' stimulating growth of, 2, IT 
— symbiont of Sitodrc pa, 254 
— thallium action on, 22 
--thiamin function in, 117, 188. 18*.* 

— tropic-anemia-preventative factcn- re<iuir<‘d 

by, 5a 

— vit. Bi content, 49 
— vit. E content, 45 

— vit. M action, 58 

Yeast extract, constituents of, 65 
■ — effect on Asjx'ryilius, 19 
— orchid seed germination, 251 
— propionic bacteria, action on, 1 57 

— -thiamin content, 262 

Yeast fermentation method of thiamin fissa\. 
2.58 

Yeast, tame strains, growth factor re<iuir*-- 
ments, 126 

Yeast, wild strains, growth factor i<.<iuiro- 
ments, 126 

"Yellow enzyme”, func.tion, 192, 194 
— relation with riboflavin. 191 
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Index 


Z FACTORS, 36 

Zi factor, and zygrote formation in Phycotnyces, 
235 

Z 2 factor, and. zygote formation, 235 
Zea, ascorbic acid synthesis, 95 

stem cnltnres, 75 

— M<iy8p estrone action on, 219 

root cultnres, 64 

^vit. A value, 80 

genes and carotene content, 242 

Zeaxanthin, synthesis in MycobacteT^um Phleip 
82 


- — synthesis in Physalis Alkekengi, 84 
Zinc, catalytic action, 22, 23 
Zinnias, action of vit. Bi on, 77 
Zoohormones, 36 

Zoomastigina, thiamin requiring, 108 
Zygiftema r>ectinatum, vit. A content, SO 
Zygomycetes, thiamin requiring, 107 
Zygosaccharo'tnyces mandshuricus, growth fac- 
tor requirements, 135 
Zygote formation in PhycomyoeSp 29, 106 



I*L.A.TB I. Increase ixi grrowtli of excised tomato roots -with increasing 

amounts of thiamin chloride. The figures represent ■/ per 40 cc. medium. 
(Fi'om Robbins and Mary B. Schmidt, in Williams and Spies, p. 380, 
Rig. 19, courtesy Macmillan Co., Mew York) . 







IPlate II- A-Ctioxi of -tliiamiin. aiKi its comptoxierits on varions micro- 

or-grsaxiism.s- rFoE* x'O'w: JMCucor IZct,'mcL'n.'n.iac,'n.'u.s^ a, tliiaziolo ireciniring’ fxxn^ns. 
Second rowr Jth.ocLo1x>rula, 'r'ttbnrcL, a, i>yrimi<iin.e recmiirinjg: fvms’i^s- THir-d. 
I'O'w: BZcvJaesZ&eitx.'n.us, a I^yrimidLine — j— thiazole reomiring’ fiansrvxs. 

IBottom rows F*T^-y1>ox>Ji^-t'h,o-ra, ci.n.'tixx.'rn.ovrvi, a thiamin. reci'U-ii^i^nLS- fnngms. (Top 
row from MIuller, lanpuhlislxed.; the remainder from Scuoi^FEK, Elrg-. Biol. 
1939 , 16 : 66 , Springer, Berlin) - 

F’ro'm. Zef-t "to ‘t-igrJvt: IC==Gontrol. IB==3Pyrimidine- T==Thia 2 :oIe- 
IPyrimidine and. Thiazole- B'==TliLiamin (whole molecnle) - 
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Plate III, — Ax'tifieial symliiosis of M.'uoor Fiamcmn.-iamLS witla 
toT-ulcu -ruhra, Px’om left to lugrht: IVT. I-==ikf?ieor 'with, tlxiazole, M!. II-== 

M-Ucor withou-t growth, factor*. From right to left; U. 'l^=Ii,Ti,o(loto-rula with 
pyrimidine. H. II. -f- Rh.od.otor%Lla, without gi'owth factor- In the middle: 
H -f- 3VC.===ik?i*cor JKh-o<fo£orrtZcE. without gi'owth factor, (From Muller, 
1941 ) . 





UNIFORM WITH THIS VOLUME 


MacDougal — Tree Growth iout of print) 

Grant — WOOD Pulp {out of print) 

Darrah — PRilsrciPLES OF PALEOBOTANY {out of print) 

Pfeiffer — Experimentelle Cytologie 

Baroden — Plant Viruses and Virus Diseases {out of print) 
Guilliermond — The Cytoplasm of the Plant Cell 

Reed A SHORT HISTORY OF THE PLANT SCIENCES 

Baldroin — FOREST TREE Seed 
Lloyd — The Carnivorous Plants 
Wulff — Historical Plant Geography 

IN PREPARATION 

Erdtman — POLLEN ANALYSIS 

Hoagland — Lectures on Plant Nutrition 

Browne — SOURCE Book of Agricultural Chemistry 

Bawden — Plant Viruses {second edition) 

Wodehouse — Hayfever Plants 

Wilde — Soils and Forest Vegetation 

Garrett — Root Disease Fungi 

Plants and Plant Science in Latin America 

T^/^/-iTT-KTT7'-VTrr> A T> TT VT»nTTTcjnnriT?Tr! A T 



